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ABSTRACT 


Approximately one-third of the Earth’s vegetative cover comprises savannas, grasslands, and other grass-dominated 
ecosystems. Paleobotanical, paleofaunal, and stable carbon isotope records suggest five major phases in the origin of 
grass-dominated ecosystems: (1) the late Maastrichtian (or Paleocene) origin of Poaceae; (2) the opening of Paleocene 
and Eocene forested environments in the early to middle Tertiary; (3) an increase in the abundance of C, grasses during 
the middle Tertiary; (4) the origin of C, grasses in the middle Miocene; and (5) the spread of C, grass-dominated 
ecosystems at the expense of C, vegetation in the late Miocene. Grasses are known from all continents except Antarctica 
between the early Paleocene and middle Eocene. Herbivore morphology indicative of grazing, and therefore suggestive 
of grass-dominated ecosystems, appears in South America by the Eocene-Oligocene boundary, prior to the occurrence 
of grazing morphology elsewhere, and persists throughout the Cenozoic. Clear vertebrate and paleobotanical evidence 
of widespread grass-dominated ecosystems in northern continents does not occur until the early to middle Miocene. C, 
grasses are present from approximately 15 Ma and undergo a dramatic expansion in the lower latitudes of North 
America, South America, East Africa, and Pakistan between 9 and 4 Ma. The expansion may have taken place in a 
shorter interval in some regions. C, grasses are characteristic of seasonal, arid, and warm environments and are more 
tolerant of lower atmospheric CO, (< 400 ppmv) than C, plants. C, grass distribution, therefore, is climatically con- 
trolled. The late Miocene spread of C, grasses possibly involved a decrease in atmospheric CO, and heralded the 
establishment of modern seasonality and rainfall patterns. 





Grass-dominated ecosystems, savannas and nat- 
ural grasslands, comprise about one-third of the 
Earth’s vegetative cover (Fig. 1, Shantz, 1954). In 
addition, grasslands and savannas are highly pro- 
ductive, supporting vast numbers of mammalian 
herbivores and an associated fauna. Humans de- 
pend upon domesticated grasses, especially corn, 
wheat, and rice, to support a burgeoning world pop- 
ulation through direct consumption of grain and 
through animal husbandry built upon grasses. As a 
consequence, extensive areas of once natural grass- 
lands and savannas have been converted to agri- 
cultural uses. It follows that ecological study of nat- 
ural grasslands and savannas is essential not only 
for their management and conservation, but also 
because of their relevance to agriculture. Paleo- 
ecology provides a framework for understanding the 
original development of grass-dominated ecosys- 
tems, the basis of their plant-animal interactions, 
and their role in human evolution. Moreover, be- 
cause the modern distribution of grassland and sa- 
vanna biomes is correlated with specific climatic 


parameters, their origins are linked to global cli- 
mate evolution. 

Our purpose is to address the origin of grass- 
dominated ecosystems by reviewing evidence from 
the paleobotanical, vertebrate paleontological, and 
stable carbon isotope records. It is meant to provide 
an adequate and reasonably thorough, but not ex- 
haustive, coverage of the literature pertaining to 
each continental region with a focus on those geo- 
graphic areas that are most informative with respect 
to the fossil or isotope records. We aim to answer 
the following questions: When do grass-dominated 
ecosystems first appear on each of the continents 
studied? Is the first appearance of grass-dominated 
ecosystems synchronous worldwide? Do the paleo- 
botanical, paleofaunal, and stable carbon isotope 
data yield concordant evidence with respect to the 
origin of grass-dominated ecosystems for specific 
time intervals and regions? 

There are a variety of grass-dominated ecosys- 
tems. Savannas are tropical and subtropical grass- 
dominated landscapes with varying densities of 
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trees and shrubs. Density of the woody component 
and species composition are sensitive to a complex 
of factors including climate, soil, and disturbances 
such as fires, human land use practices, and graz- 
ing pressure (Pratt et al., 1966; Bourliére & Hadley, 
1983; Cole, 1986; Morell, 1997). Savannas exhibit 
a range of physiognomic forms such as grass sa- 
vanna (in which trees and shrubs are absent), bush- 
land and thicket, shrubland, tree savanna, and 
wooded savanna (Boughey, 1957; White, 1983). 
Menaut (1983), based on work in Africa, recognized 
a more inclusive savanna biome, restricted to the 
tropics and subtropics, but within which are found 
all variants between desert and forest. For the pur- 
poses of this paper, the most important part of any 
definition of savanna is the key phrase, “grass-dom- 
inated.” Savannas are found today where precipi- 
tation is seasonal, if not monsoonal. Rainfall varies 
widely from as little as 500 mm/year over one to 
two months, to as much as 1500 mm/year with a 
short dry season (Bourliére & Hadley, 1983). 

Temperate grasslands, as opposed to savannas, 
are found in middle latitudes or at upper elevations 
where precipitation is too scant to support tree 
growth, but greater than that resulting in deserts 
(Ripley, 1992). As with savannas, grassland cli- 
mates are seasonal and have a wide range in mean 
annual precipitation, between about 500 and 1500 
mm/year (Ripley, 1992). Typically, temperate grass- 
lands are nearly continuous expanses of grasses 
and sedges without trees, but including small 
shrubs and varying amounts of herbaceous dicots 
(Coupland, 1992a). However, similar to savannas, 
grasslands vary in species composition and physi- 
ognomy depending on variations in climate, soil, 
topography, and land use. For example, in cold, dry, 
continental interiors, grass and shrubs form the 
grassland variant known as steppe. 

Traditionally, the primary means of recognizing 
and evaluating grass-dominated ecosystems in the 
paleontological past was through the interpretation 
of the mode of life of fossil vertebrates. The evo- 
lution of horses has played a central and deserved 
role in interpreting the origin of grass-dominated 
ecosystems because of the high-crowned teeth 
characteristic of Miocene and later members of the 
horse family Equidae, the grazing habits of the liv- 
ing species, their dispersal history, and the high 
quality of their fossil record (e.g., Kowalevsky, 
1873; Osborn, 1910; and many good reviews of the 
subject including Simpson, 1951, 1953; Webb, 
1977; MacFadden, 1992). Improvements in the pa- 
leobotanical record (both macrofossil and pollen) 
provide a more direct route to plant communities 


of the past (Elias, 1942; Thomasson, 1979; Morley 
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& Richards, 1993). A third approach is the assess- 
ment of stable carbon isotopes in fossil material 
such as herbivore enamel and in paleosol compo- 
nents that yield information on the photosynthetic 
pathways of vegetation in ancient ecosystems (Cer- 
ling, 1984; Quade et al., 1989a; Kingston et al., 
1994; Morgan et al., 1994). Together these disci- 
plines provide a robust means of evaluating the or- 
igin of grass-dominated ecosystems. 

The continents of North America, Eurasia, South 
America, Africa, and Australia are reviewed for rel- 
evant paleontological and stable carbon isotope 
data. The record starts in each region with the ear- 
liest documented occurrence of grass, which pro- 
vides a maximum potential age for the origin of 
grass-dominated ecosystems for that particular re- 
gion. We use published age estimates. If improve- 
ments in an age assignment have been made, we 
use the revised estimate as indicated in our text. 

Consideration must be given separately to the 
strengths and weaknesses in the quality of the pa- 
leobotanical, paleofaunal, and isotopic records, and 
to the individual development of these lines of ev- 
idence on each continent. First we will address as- 
pects of the paleobotanical, paleofaunal, and iso- 
topic records that relate to grasses in terrestrial 
biomes; then we will review the records for each 
continent beginning with a summary of all three 
lines of evidence for each region. 


THE PALEOBOTANICAL RECORD 


Grass pollen is much more common in the Ter- 
tiary paleobotanical record than grass macrofossils. 
Grasses are primarily wind pollinated, and there- 
fore they produce copious amounts of pollen that 
can be carried long distances by wind and water, 
as evidenced by grass pollen in marine cores. Pol- 
len provides a regional view of vegetation. Unfor- 
tunately, grass pollen is fairly uniform throughout 
the family precluding identification at lower taxo- 
nomic levels. 

Maastrichtian and early Tertiary grass pollen is 
identified as the form taxon, Monoporites annulatus 
van der Hammen (= Graminidites I. C. Cookson ex 
R. Potonié). The botanical name describes the sin- 
gle pore surrounded by a thickening, or annulus, 
that characterizes the pollen in all species of the 
grass family. However, the five or six other small 
families in the order Poales (Linder, 1986) also 
have a single pore, some with an annulus (Linder 
& Ferguson, 1985). Although the presence of fine 
channels in the pollen wall and absence of scro- 
biculae (minute pits in the wall) distinguish grass 
pollen, the fine channels can only be seen with 
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transmission electron microscopy, a technique not 
used routinely in pollen identification. Thus, the re- 
evaluation and recognition of scrobiculae in some 
Maastrichtian and Paleocene pollen grains that 
originally were identified as Monoporites annulatus 
led to their reassignment to families other than Po- 
aceae. This calls into question other early grass 
pollen identifications that have not been similarly 
re-evaluated (Muller, 1981; Linder, 1986). Never- 
theless, Linder (1986) accepted at least some of the 
Maastrichtian identifications of Monoporites annu- 
latus from Egypt as valid (Kedves, 1971), and more 
recent studies in northern South America document 
frequent occurrence (no quantitative data supplied) 
of Monoporites annulatus in the early Paleocene 
(Muller et al., 1987). Undoubted grass macrofossils 
occur in the early Eocene Claiborne Formation of 
Tennessee (Crepet & Feldman, 1991; Crepet & 
Herendeen, 1992), although no further age refine- 
ment was supplied, confirming the presence of Po- 
aceae by at least the early Tertiary. The grass pollen 
record is well established with the consistent oc- 
currence of Monoporites annulatus after the middle 
to late Eocene, especially in tropical regions (see 
discussions for South America and Africa below). 

Palynological publications reviewed here report 
abundance data either categorically (rare, frequent, 
or common), as relative percentages, or simply as 
present or absent. If no paleoenvironmental inter- 
pretation is provided by the author(s), where pos- 
sible the record is interpreted here. Leopold et al. 
(1992) compiled data from studies of grass pollen 
in modern soils to serve as a coarse guide to the 
paleoenvironmental significance of fossil grass pol- 
len percentages. Grass pollen percentages from 
modern soils of steppe, grassland, and savanna en- 
vironments vary widely: from 1% to 25% in Wyo- 
ming steppe, to 20% to 55% in Ethiopian savanna. 
To make the most reasonable interpretation of fossil 
pollen assemblages, the abundance and composi- 
tion of associated non-grass pollen taxa are also 
considered. 

Grass phytoliths are the opaline silica remains 
of silica cells (silica bodies) deposited mainly in 
the leaf epidermis. Silica bodies vary in shape, 
even on the same leaf, but generally grass subfam- 
ilies are recognized as having characteristic silica 
bodies. Consequently, phytoliths found in ancient 
soils may document past changes in grass compo- 
sition at the subfamily level (Fredlund & Tieszen, 
1997). 

Grass macrofossils provide greater taxonomic 
resolution than pollen because of taxonomically di- 
agnostic characters that facilitate broad compari- 
sons and phylogenetic studies. Grass leaves are not 
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shed but remain on the plant, even after death. 
Therefore, grass leaves in non-aquatic settings are 
not likely to become part of the sedimentary record. 
Grass reproductive structures are often adapted for 
dispersal by wind or animals, separating readily 
from the parent plant, and more commonly enter 
the fossil record. North America has a unique and 
spectacular record of fossil grass reproductive parts 
replaced by silica and calcium carbonate (Thomas- 
son, 1990), as opposed to the poor record of leaves. 


THE PALEOFAUNAL RECORD 


Mammals are a diverse group of species with a 
wide range of morphological and behavioral adap- 
tations (Eisenberg, 1981). Herbivorous mammals 
play a fundamental role in the recycling of nutrients 
in the ecosystem by processing food through their 
digestive systems, by becoming prey, by trampling 
vegetation into the soil, or by other behaviors (Mc- 
Naughton et al., 1988). They are major influences 
on plant and ecosystem physiognomy, as is readily 
observed by the destruction of trees by elephants 
in Africa (McNaughton et al., 1988; Dublin, 1995), 
for example, or less apparently by the actions of 
small mammal herbivores, such as the pruning of 
picturesque junipers by packrats in the American 
Southwest (Vaughan, 1980). Coevolutionary rela- 
tionships between herbivores and plants are reflect- 
ed by adaptations for processing and digesting veg- 
etation exhibited by herbivores and the attributes 
of plants that limit their digestibility or palatability 
(McNaughton et al., 1985; Vicari & Bazely, 1993; 
Seldal et al., 1994; Karban & Baldwin, 1997). In 
short, herbivores help to create the environment in 
which they live. 

The most directly relevant mammalian herbi- 
vores for recognizing grass-dominated ecosystems 
based on morphological adaptations are derived un- 
gulates, a large suite of hoofed mammals that in- 
cludes equids. Derived ungulates have limbs mod- 
ified such that the body weight is borne by the last 
joints of the digits, the ungual phalanges. The most 
useful ungulate groups are the perissodactyls (most 
notably horses, rhinoceroses, and their relatives) 
and the ruminant artiodactyls (Janis & Scott, 1987), 
which in the modern fauna include mouse deer or 
chevrotains (Tragulidae), giraffe and okapi (Giraf- 
fidae), musk deer (Moschidae), deer and muntjacs 
(Cervidae), pronghorn (Antilocapridae), and cattle, 
antelope, bison, duikers, and goats (Bovidae). The 
role of ungulates in South America throughout the 
Tertiary was filled by endemic groups, e.g., notoun- 
gulates. The mammalian herbivore fauna of Austra- 
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lia was effectively comprised of marsupials, such 
as kangaroos, during the Tertiary. 

The interpretation of past grass-dominated eco- 
systems relies most heavily on ungulates because 
they rely directly on plants for food, they exhibit 
recognizable adaptations associated with diet, they 
have an abundant fossil record, and their utility has 
been more thoroughly tested than in other groups. 
Their long legs are suited for running, an adapta- 
tion for life in open environments. Living ungulates 
provide models for interpreting the ecology of more 
obscure, extinct ungulate groups, such as the un- 
familiar herbivores characteristic of the South 
American Tertiary (MacFadden, 1997). 

Mammalian carnivores may provide additional 
indications of habitat, such as cursorial adaptations 
associated with the pursuit of fleet prey species in- 
habiting open country (Hunt & Solounias, 1991; 
Van Valkenburgh, 1985; Van Valkenburgh & Janis, 
1993; Werdelin & Solounias, 1996). Among non- 
mammalian groups, snakes, for example, which are 
cold-blooded predators, have a fossil record that 
seems to parallel the achievement of grass-domi- 
nated ecosystems in North America (Parmley & 
Holman, 1995). This link presumably reflects the 
complex ecological connections among evolving cli- 
mate, changing habitat, and the adaptations of their 
prey, which consists in large part of small mammal 
herbivores (rodents). None of these groups, how- 
ever, has the demonstrably close link to grass and 
grass-dominated ecosystems exhibited by ungu- 
lates. 

Recently, the study of ungulate paleoecology has 
been revitalized, providing a theoretical and quan- 
titative basis for evaluating the feeding strategies 
of extinct herbivores (see review by Janis, 1995). 
Grazers are defined as herbivores whose year-round 
diets comprise 90% grass; browsers consume less 
than 10% grass; and mixed-feeders fall somewhere 
in between. These appear to be realistic categories 
defined by observation of extant ungulates and cor- 
related with stomach anatomy (Hofmann & Stewart, 
1972; Hofmann, 1973). Recognition of these die- 
tary categories in the fossil record is based pri- 
marily on anatomical features of the teeth, premax- 
illa, and maxilla, and on microwear patterns in 
tooth enamel caused by abrasion during the chew- 
ing of food (Walker et al., 1978; Janis & Ehrhardt, 
1988; Solounias et al., 1995b). 

Grazers usually have teeth with high crowns, 
providing long-wearing ridges of enamel for the 
mastication of fibrous and tough food. Such high- 
crowned or rootless and ever-growing (hypsodont or 
hypselodont) teeth are relatively common among 
mammalian taxa, occurring in about half of the 34 
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orders, in species of a variety of body sizes, and 
with a wide range of diets (White, 1959; Janis & 
Fortelius, 1988). Janis (1988) determined that the 
amount of grit or other abrasive material ingested 
with food is the most important factor in predicting 
hypsodonty in ungulates, and thus explained why 
hypsodonty is not limited to grazers, as for example 
in the pronghorn or the Miocene stenomyline cam- 
els. It is conceivable but not proven that grass and 
grazing may play coevolutionary roles in the de- 
velopment of hypsodonty with grass responding to 
cropping by increasing the amount of silica (Mc- 
Naughton & Tarrants, 1983; McNaughton et al., 
1985; Vicari & Bazely, 1993; Karban & Baldwin, 
1997), which, in turn, may select for high-crowned 
teeth in grazers (Van Valen, 1960; Janis & Forte- 
lius, 1988). 

Uncertainty of the significance for grazing of 
high-crowned teeth in individual cases is mini- 
mized when other morphological features of the 
species are taken into account. Grazers have 
square, straight premaxillae and broad muzzles; 
browsers have narrow muzzles; mixed-feeders fall 
in between (Janis & Ehrhardt, 1988; Solounias & 
Moelleken, 1993a, b; Dompierre & Churcher, 
1996). In addition, grazers have relatively larger 
masseteric chewing musculature than mixed-feed- 
ers and browsers, which can be ascertained from 
the morphology of the jaw (Solounias et al., 1995b). 
Furthermore, diets can be evaluated by scanning 
electron microscopy of wear surfaces on teeth, graz- 
ing leaving a quantifiably different pattern of mi- 
crowear on teeth compared to browsing, and mixed- 
feeders having elements of both patterns (e.g., 
Solounias et al., 1988). However, “the Last Supper 
Syndrome,” in which rapid wear betrays previous 
microwear patterns, leaving only a reflection of the 
most recent meals, may well introduce a bias if the 
final meals of an animal do not accurately reflect 
the food preferences or normal diet of the species 
(Solounias et al., 1994). 

As with ungulates, the skeletal and dental ad- 
aptations of small mammals are of use in inter- 
preting open and grassland environments. The 
high-crowned dentition of voles and their African 
ecological counterparts, the groove-toothed rats, al- 
lows for mastication of fibrous, relatively low-nutri- 
tion food (Rensberger, 1973, 1975, 1978; Butler, 
1980). In contrast, modern beavers have high- 
crowned teeth, but they also have a diet of bark 
with no relevance for the origin of grass-dominated 
ecosystems. The situation is less clear when Mio- 
cene beavers, some of which burrowed, are taken 
into account (Korth, 1994). Rodents and other 
small mammals may exhibit other adaptive fea- 
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tures, such as ricochetal locomotion, that are re- 
flected in the skeleton and are indicative of open 
environments (Lyon, 1901; Hatt, 1932; Howell, 
1932). The bipedal adaptations in jerboas, the most 
extremely adapted ricochetal rodents, have devel- 
oped to the extent that the fused foot bones (meta- 
tarsus) are convergent with the tarsometatarsus of 
birds (Rich, 1973). Size is correlated with many 
facets of the natural history of a species, including 
home range (McNab, 1963; Western, 1979), which 
is much smaller for a rodent than for a long-legged 
ungulate, and the area required for foraging is less. 
Therefore, information regarding the distribution of 
open habitats provided by large versus small mam- 
mals may not be comparable in scale. 

Given that the adaptations of individual species 
reflect habitat, then the suite of mammalian species 
found in a region and the resulting community 
structure should provide a more robust reflection of 
the environment than the adaptations of any partic- 
ular species alone. Thus, by comparison with mod- 
ern assemblages from known habitats, a fossil as- 
semblage can be used to evaluate ecosystems and 
the roles of the component species of the past (An- 
drews & Van Couvering, 1975; Andrews et al., 
1997). The pattern of changing species composition 
within assemblages over time should reflect chang- 
ing environmental parameters or other factors that 
affect species distribution (Barry et al., 1985; Janis, 
1984, 1988, 1993; Legendre, 1987), demonstrating 
open versus closed habitats, or a preponderance of 
grazers versus browsers and mixed-feeders. Grass- 
dominated ecosystems containing trees and shrubs 
support a more diverse fauna than pure grasslands 
because browsers and mixed-feeders are included 
in the community (Bourliére, 1963). 

The paleofaunal record can be compared to the 
plant fossil record to discern patterns of coevolution 
assessed by coincident changes in both records that 
appear ecologically correlated. Examples include 
the evolutionary relationship between large nuts 
and rodents, or primates and fleshy fruits, both ap- 
pearing in the early Tertiary (Collinson & Hooker, 
1987, 1991; see also Wing & Tiffney, 1987), or 
between grass fossils and mammals as is reviewed 
here. More direct evidence of herbivore diet, and 
therefore indications of the relative importance of 
grass to a species, is obtained by analysis of the 
animal, as discussed above, or by the ratio of stable 
isotopes in fossils (e.g., Koch et al., 1994, 1995; 
Morgan et al., 1994; MacFadden, 1998; Mac- 
Fadden & Cerling, 1996; MacFadden & Shockey, 
1997), as discussed below. 


THE Isoropic RECORD 


Recognition and characterization of biogeochem- 
ical cycles that mediate distribution of light stable 
isotopes (C, O, H, and N) in terrestrial ecosystems 
have contributed substantially to reconstructions of 
past environments. The relative abundance of two 
naturally occurring stable isotopes of carbon ('?C 
and !8C) in fossils and paleosols has proved partic- 
ularly useful in reconstructing aspects of the veg- 
etation. The premise underlying this approach is 
that the tissue of plants utilizing alternative pho- 
tosynthetic pathways can be differentiated on the 
basis of the ratio of °C /?C. This isotopic signature 
can be retrieved from the fossil record, either by 
direct analysis of ancient organic residues or from 
inorganic material that formed in isotopic equilib- 
rium with the paleovegetation. 

Terrestrial plants assimilate carbon from the at- 
mospheric CO, reservoir by one of three photosyn- 
thetic pathways. These pathways, referred to as C, 
(Calvin-Benson), C, (Hatch-Slack or Kranz), and 
CAM (Crassulacean Acid Metabolism), represent 
adaptations to variable atmospheric and climatic 
conditions. In all three pathways, during the first 
stage of photosynthesis (carboxylation), carbon in- 
corporated into the organic plant matrix is signifi- 
cantly depleted in the heavy isotope ('*C) relative 
to atmospheric CO, (Craig, 1953; Park & Epstein, 
1960; Smith & Epstein, 1971; O’Leary, 1981; Far- 
quhar et al., 1982). This discrimination against '*C 
(fractionation) is due to small differences in phys- 
ical and chemical properties imparted by the dif- 
ference in mass between "C and "C. The extent to 
which fractionation occurs varies significantly de- 
pending on the pathway utilized. C, plants are most 
depleted, whereas plants endowed with the C, met- 
abolic pathway are least depleted. There is a dis- 
tinct non-overlapping bimodal distribution of the 
isotopic composition (denoted as C) of C, versus 
C, plants. Plants that fix CO, by CAM display in- 
termediate isotope values overlapping the range of 
both C, and C, flora (O’Leary, 1988). 

C, plants dominate terrestrial environments and 
account for approximately 85% of all plant species, 
including almost all trees and shrubs as well as 
high-latitude or high-altitude grasses preferring 
wet, cool growing seasons. Environmental influenc- 
es affecting the isotopic composition of C, plants 
include water stress, nutrient availability, light in- 
tensity, CO, partial pressure, atmospheric 8'°C, 
temperature, and extent of forest canopy (Farquhar 
et al., 1982; van der Merwe & Medina, 1989; Tiesz- 
en, 1991). These environmental factors, coupled 
with genetic differences, result in substantial stable 
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carbon isotopic variation in C, vegetation that 
should be considered in attempting to document the 
relative amount of C, vegetation in a past ecosys- 
tem. 
Although C, physiology is present in a number 
of monocots and diverse dicots, the bulk of C, glob- 
al biomass is represented by graminoids, especially 
grasses growing in hot, arid habitats (Ehleringer et 
al., 1997). Modern C,-dominated ecosystems in- 
clude tropical savannas, temperate grasslands lower 
than about 37° latitude, and desert scrubland. The 
C, photosynthetic pathway represents a modifica- 
tion of the C, mechanism and is considered to have 
evolved independently at least 26 times among the 
plant families that have it (Peisker, 1986), at least 
5 times within the grass family itself (Renvoize & 
Clayton, 1992; Sinha & Kellogg, 1996). In C, 
plants, CO, is fixed initially in mesophyll cells as 
a 4-carbon compound that is transported to bundle 
sheath cells and then enters the C, pathway. The 
internal concentration of CO, in the bundle sheath 
cells is much greater (> 2000 ppmv) than atmo- 
spheric CO, thereby reducing the loss of C to pho- 
torespiration and increasing the overall efficiency 
of photosynthesis. C, plants generally tolerate high- 
er temperatures and solar irradiance, drier condi- 
tions, greater seasonality, and lower atmospheric p 
CO, levels than C, species. C, photosynthesis, how- 
ever, is energetically more costly (Salisbury & 
Ross, 1985), and C, species are outcompeted by C, 
plants at mean maximum temperatures below 25°C 
and at higher p CO, levels (400 ppmv). In tropical 
to subtropical regions there is an altitudinal tran- 
sition from C, to C, grasses between 2000 and 3000 
m (Tieszen et al., 1979). Grasses in closed canopy 
forests in these regions are C, except where the 
canopy is broken. 

Crassulacean acid metabolism (CAM) evolved 
independently in many succulent plants including 
the cacti (Cactaceae) and stonecrops (Crassula- 
ceae). CAM plants may fix atmospheric CO, via the 
C, pathway or in a time-separated sequence similar 
to C, pathway in which CO, is fixed at night (when 
the temperature and humidity are lower) and is 
photosynthesized during the day (when light levels 
are higher). The extent to which each pathway is 
utilized depends on environmental conditions, re- 
sulting in a range of 8'°C values spanning that of 
C, and C, plants (O’Leary, 1981; Deines, 1980). 
Under high light intensity or high temperatures, 
CAM vegetation has 8'C values similar to C,, 
whereas under environmental conditions of low 
light intensity and cold temperatures, they exhibit 
values similar to C,. The strategy of CAM plant 
physiology to endure extremely xeric conditions se- 


verely limits their ability to take in and fix CO,, 
and in general, the net photosynthetic rate is much 
lower than C, or C, plants. In modern ecosystems, 
ungulates specializing on CAM succulents are rare, 
and we assume this to be the case in the past as 
well. 

As the C, and C, photosynthetic pathways are 
associated with different environmental conditions 
and often plant physiognomy, documenting relative 
proportions of C, and C, vegetation by isotopic 
analyses is a useful tool in paleoenvironmental re- 
constructions. Specifically, the link between C, me- 
tabolism and grasses provides a means of identi- 
fying grass-dominated plant communities such as 
open woodlands, savannas, and grasslands. How- 
ever, the large variety of C,-dominated habitats, 
ranging from lowland rainforest to arid bushland to 
cold-climate grassland, limits the resolving power 
of a C, isotopic signal in reconstructing vegetation. 
In addition, in adopting a uniform approach, mod- 
ern ecosystems typically provide the template for 
interpreting isotopic records of the past. Past hab- 
itats may in fact have no modern analogues. An 
isotopic signal indicating a mixture of C, and C, 
species could represent tropical savanna with a sig- 
nificant woody component, a cool temperate prairie 
with a mixture of C, and C, grasses, or a tropical 
grassland with no modern analogue having a mix- 
ture of C, and C, grasses. The possibility of C, 
grass-dominated ecosystems at latitudes dominated 
by C, grasses today may complicate interpretations 
of past landscapes. 

Assuming that CAM plants comprised an insig- 
nificant portion of the biomass, the key to using 
metabolic pathways to interpret paleoenvironment 
is in retrieving an intact isotopic record reflecting 
the relative proportion of vegetation using C, versus 
C, photosynthetic pathways in the past. There are 
a number of approaches, including isotopic analys- 
es of: (1) preserved organic plant matter in paleo- 
sols (Ambrose & Sikes, 1991; Kingston et al., 
1994); (2) organic material within opal phytoliths 
(Kelly et al., 1991, 1993; Fredlund & Tieszen, 
1994, 1997); (3) paleosol carbonates, which formed 
in equilibrium with local paleovegetation and pro- 
vide an average isotopic signature of plant biomass 
during the interval in which the paleosol formed 
(Cerling & Hay, 1986; Amundson & Lund, 1987; 
Quade et al., 1989b; Kingston et al., 1994; Sikes, 
1994, 1996); (4) carbonate occluded in fossil bone, 
enamel, or eggshells, which reflects available die- 
tary plants (Lee-Thorp & van der Merwe, 1987; 
Quade et al., 1992; Morgan et al., 1994; Stern et 
al., 1994; Cerling et al., 1997b; Johnson et al., 


1997); and (5) terrestrial organic carbon in marine 
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sediments (France-Lanord & Derry, 1994; Bird et 
al., 1995; Gonl et al., 1997). Of these techniques, 
analyses of fossil herbivore enamel and paleosol 
components have been most widely applied and are 
most relevant to the discussion of the origin of 
grass-dominated ecosystems. 

Theoretical models and studies of modern soils 
have established a correlation between the stable 
carbon isotopic composition of soil components and 
prevailing climatic and ecological conditions (Cer- 
ling, 1984; Amundson et al., 1989; Quade et al., 
1989b). In general, where plant respiration is high, 
the carbon isotopic composition of soil CO,, and 
soil carbonate equilibrating with soil CO,, are con- 
trolled by the proportion of surface vegetation uti- 
lizing the C, versus C, photosynthetic pathway. As 
soils usually form over hundreds or even thousands 
of years, they preserve a paleoenvironmental record 
averaged over an interval spanning many genera- 
tions of plants. 

Soil carbonates typically form in semiarid to sub- 
humid climates (rainfall normally less than 75—85 
cm/yr.) at some depth below surface. Pedogenic 
carbonate generally precipitates in relatively dry 
soils where net evaporation exceeds precipitation, 
conditions that are typically associated with grass 
or mixed grass and shrub-dominated ecosystems. 
Buried paleosols with associated soil carbonates 
and organic matter can retain the biogenic isotopic 
signal of the original soil system. Although soil car- 
bonate nodules can be reworked, where preserved, 
they are generally not subjected to the taphonomic 
and sampling filters that can seriously bias repre- 
sentation of the faunal and floral records. Ecosys- 
tems commonly associated with surfaces subjected 
to erosion, such as alluvial fans, may be underrep- 
resented in paleosol studies. Non-calcareous paleo- 
sols may be indicative of environmental conditions 
that inhibit formation or preservation of pedogenic 
carbonate nodules (e.g., forested habitats with acid- 
ic soils, heavy precipitation that leaches carbonates 
from soil profiles, or lack of Ca in the parent ma- 
terial). 

Analysis of the isotopic signature in fossil enam- 
el corroborates analyses of paleosol components 
documenting relative proportions of C, and C, veg- 
etation in the past. The carbon isotopic composition 
of modern herbivore tissue, including tooth enamel, 
is directly related to the ingested 8'°C value of the 
primary photosynthesizing plants in the food chain 
(DeNiro & Epstein, 1978; Tieszen et al., 1983; Am- 
brose & DeNiro, 1986). The relationship between 
the carbon isotopic composition of body tissue and 
diet was initially exploited primarily to address ar- 
chaeological issues such as the introduction of 


maize, a C, domesticate, into previously C,-domi- 
nated New World agricultural economies (Vogel & 
van der Merwe, 1977; van der Merwe & Vogel, 
1978). Within the last decade, this approach has 
been extended to fossil assemblages in which the 
focus of isotopic analysis has shifted from bone col- 
lagen and minerals to enamel apatite. Application 
of isotopic analyses to fossil enamel strictly for pa- 
leodietary studies has been limited (e.g., Ericson et 
al., 1981; Lee-Thorp et al., 1989), and instead its 
use has been primarily for paleoecological recon- 
struction (Thackeray et al., 1990; Kingston, 1992; 
Quade et al., 1992; Wang et al., 1993; Morgan et 
al., 1994; Quade et al., 1994; Cerling et al., 
1997b). 

Reconstructions of past habitats based on isoto- 
pic analysis of fossil enamel must be carefully in- 
terpreted as the paleoenvironment has not been 
sampled directly but rather through a dietary filter. 
Specific aspects of feeding behavior are dictated 
not only by available food items but also by selec- 
tivity, competitive exclusion, and migration. Mod- 
ern giraffes, for example, typically inhabit open bi- 
omes dominated by C, grasses yet their enamel 
yields a C, isotopic signature. Modern ruminant 
herbivore species have traditionally been placed in 
three broad dietary categories: browsers, grazers, 
and mixed-feeders conveniently associated with C,, 
C,, and mixed C,/C, isotopic signals, respectively. 
This set of categories is based on the assumption 
that all available grass is C,, an unrealistic pre- 
sumption in the past, or in the present in areas 
where C, plants do not grow (Morgan et al., 1994; 
MacF adden, 1997). 


NORTH AMERICA 
SUMMARY 


The largest continuous grasslands of North 
America, the Great Plains, are bounded to the west 
by the Rocky Mountains, to the east by deciduous 
or coniferous forest, to the north by coniferous for- 
est, and to the south by the Gulf of Mexico (Fig. 
1). More restricted grassland areas include the Cal- 
ifornia prairies, the Palouse prairie of the north- 
western U.S. and southern British Columbia, and 
the desert grasslands of the Sonoran and Chihu- 
ahuan deserts in the southwestern U.S. and Mexico 
(Coupland, 1992b). 

The oldest record of grasses in North America is 
a macrofloral assemblage from the early Eocene of 
Tennessee (Crepet & Feldman, 1991; Crepet & 
Herendeen, 1992), but grass pollen and macrofos- 
sils are rare throughout the Eocene and Oligocene 
(Fig. 2). In the early Miocene of the Great Plains 
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Summary of paleobotanical, paleofaunal, and isotopic evidence for the origin of grass-dominated ecosys- 


tems in North America. Solid lines denote the presence of fossil data throughout the time interval shown. Dots indicate 
data from specific, well-constrained times. Sources: (1) Crepet & Feldman (1991), (2) Thomasson (1990), (3) Thomasson 
et al. (1986), (4) Nambudiri et al. (1978), (5) MacGinitie (1962), (6) Thomasson et al. (1990), (7) MacGinitie (1953), 
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region, only one grass species is recognized based 
on macrofossils (Elias, 1942). Macrofloras docu- 
ment the emergence of grass-dominated environ- 
ments between 13 and 10 Ma (MacGinitie, 1962; 
Thomasson, 1990). Relatively treeless grasslands 
may have been present by 8 Ma (Thomasson, 1990; 
see also Axelrod, 1985). By 7 Ma grass diversity 
includes all five living subfamilies (Thomasson, 
1990). Leaf anatomical evidence for C, photosyn- 
thesis is documented by 12.5 Ma (Nambudiri et al., 
1978; Whistler & Burbank, 1992). 


The adaptive radiation of grazing horses occurs 
in the Miocene (18 to 15 Ma; MacFadden & Hul- 
bert, 1988). The ungulate community as a whole is 
diverse in the Miocene; however, from 12 Ma until 
the end of the Miocene, diversity declines, espe- 
cially among larger, more specialized browsing 
forms. After 5 Ma, grazing horse diversity drops 
precipitously. 

The earliest potential evidence for a C, dietary 
component is from 15.6 Ma (Latorre et al., 1997). 
Mixed C,/C, diets are clearly evident by 7 Ma 
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(MacFadden & Cerling, 1996), and by 6.8 Ma there 
appears to be a dramatic increase in the dietary C, 
component of horses in the southern portion of 
North America (Cerling et al., 1997b). Earliest re- 
ports of enamel isotopic values consistent with a 
pure C, diet are at 5.7 Ma from sites in Mexico 
(Cerling et al., 1997b). The transition from C, to 
predominately C, dietary signatures suggests that 
up until that time the contribution of grass in the 
ecosystem to diet was mainly from C, species. More 
northerly sites document the presence of C, grasses 
around 4 Ma. However, isotopes do not at any time 
suggest exclusive reliance on C, grasses by equids 
above 37°N. The extent to which C, grasses expand 
into North American biomes appears to be a func- 
tion of latitude. 


PALEOBOTANY 


The earliest known record of Poaceae in North 
America consists of entire plants, spikelets, and in- 
florescence fragments from the early Eocene Clai- 
borne Formation of Tennessee (Crepet & Feldman, 
1991; Crepet & Herendeen, 1992). However, grass 
macrofossils and pollen are rare or absent in the 
other Paleogene deposits where forest or woodland 
vegetation was prevalent (Dilcher, 1973; Hickey, 
1977; Wolfe, 1977; Graham, 1993; Manchester, 
1994; Wing et al., 1995; Wing, 1998, and refer- 
ences therein). 

Seasonal climates appear by the middle Eocene 
in western North America and along the Gulf Coast 
based on pollen and plant macrofossils (Dilcher, 
1973; Frederiksen, 1991; Wolfe, 1994; Wing, 
1998). However, only 8 of 56 Gulf Coast middle 
Eocene to early Oligocene pollen assemblages con- 
tain (infrequent) grass pollen, indicating the lack 
of grass dominance even in possible marsh settings 
(Frederiksen, 1981). In the Rocky Mountain region, 
the Florissant flora of Colorado (~ 34 Ma), con- 
taining woody xerophytes and riparian taxa, repre- 
sents open evergreen oak and pine woodlands on 
slopes leading to riparian settings (MacGinitie, 
1953; Leopold et al., 1992). A fossil grass from 
Florissant, Stipa florissanti Knowlton, is not inter- 
preted as indicating a grassland environment 
(MacGinitie, 1953). Pollen assemblages from Flor- 
issant and other middle to late Eocene localities 
indicate that grasses were absent in woodland un- 
derstories (Leopold & MacGinitie, 1972; Leopold 
et al., 1992). A single silicified grass caryopsis 
(grain with enclosing palea and lemma) is reported 
from the Cedar Creek Member of the White River 
Formation, Colorado (~ 33 Ma, Emry & Russell, 
1987; Woodburne & Swisher, 1995), but additional 


specimens have not been found despite a decade 
of continued searching (Galbreath, 1974). Pollen 
samples from the Poison Spring locality in the 
White River Formation, Wyoming, yielded a pollen 
assemblage similar to that at Florissant, with which 
it is approximately equivalent in age. No grass pol- 
len was found in the assemblage (Leopold & 
MacGinitie, 1972; Leopold et al., 1992). The pa- 
leofloral data contradict interpretations based on 
paleosols indicating wooded grasslands by 34 Ma 
and open treeless grassland on interfluves by the 
middle Oligocene (Retallack, 1992; for a discussion 
of paleoenvironmental interpretations based on soil 
classification, see Dahms et al., 1998; Retallack, 
1998; Dahms & Holliday, 1998). 

The Kilgore flora (Cherry County, Nebraska, 
MacGinitie, 1962) occurs in the Crookston Bridge 
Member of the Valentine Formation (Skinner & 
Johnson, 1984), which has yielded mammals indic- 
ative of the Barstovian Land Mammal Age (12-13 
Ma, Tedford et al., 1987). Most woody taxa assigned 
to extant genera are riparian (e.g., Juglans L., Frax- 
inus L., Carya Nutt., Nyssa L., Acer L., and Alnus 
Mill.). Others such as Quercus L. and Pinus L. pre- 
fer drier substrates. These taxa are interpreted as 
forming a mixed open chaparral on interfluves, with 
grasses dominating the open areas (MacGinitie, 
1962: 84). The pollen flora supplements macrofos- 
sil assemblages by providing a record of herba- 
ceous families, such as Poaceae, Chenopodiaceae, 
Compositae, and Cyperaceae; however, relative pol- 
len percentages are not published (MacGinitie, 
1962). 

The earliest C, grass macrofossil, Thomlinsonia 
thomassonii Tidwell & Nambudiri (1989), is from 
the Dove Spring Formation in the Ricardo Group 
of California (Nambudiri et al., 1978) now dated to 
approximately 12.5 Ma (Whistler & Burbank, 
1992). Roots, culms, and leaves, including Kranz 
anatomy in leaf cross section, are preserved and 
are characteristic of C, grasses. Stable carbon iso- 
tope values from the fossils confirm the plants were 
C, photosynthesizers (Nambudiri et al., 1978). 
However, carbon isotope values for equid tooth 
enamel from the same locality indicate that the ma- 
jority of equid diet consisted of C, vegetation (Cer- 
ling et al., 1998). Fossil wood from this locality is 
comprised most commonly of Robinia L. and a 
palm, with Quercus, Cupressus L., and Pinus spe- 
cies less common (Webber, 1933). The paleoenvi- 
ronment reconstructed by Webber (1933) is similar 
to the grassy woodlands in the lower uplands of the 
modern Sonoran Desert region, but the amount of 
grass cover relative to wooded area is indetermin- 
able from the data. 
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The Miocene record of macrofossils from the 
Great Plains of North America is unique for the 
Tertiary in providing information about phylogenet- 
ic relationships, species richness, and paleoecology 
of grasses (Elias, 1942; Thomasson, 1978, 1979, 
1987, 1990). Grass taxa are documented by silici- 
fied or calcified reproductive parts (e.g., Elias, 
1932, 1942; Thomasson, 1979, 1985; Gabel et al., 
1998) and leaves preserving micromorphology and 
internal anatomy (Thomasson, 1984). Only one spe- 
cies is known from the early Miocene, but there 
appears to be continuous diversification from the 
early to middle Miocene (Elias, 1942). Between 10 
and 7 Ma, Thomasson (1990) reported at least 20 
species representing the five extant grass subfami- 
lies. Grass fossils from the Great Plains are found 
in the same lithologic units that produce dated ver- 
tebrate assemblages, permitting age assignments for 
paleofloras based on vertebrate biochronology (Tho- 
masson, 1990; Woodburne & Swisher, 1995). 

The Poison Ivy flora from the Ash Hollow For- 
mation (~ 10 Ma, Antelope County, Nebraska, Tho- 
masson, 1990) overlies the Valentine Formation, 
and occurs in an ashfall containing a late Claren- 
donian mammal fauna (see below). The flora in- 
cludes hackberry, walnut or hickory, forbs, sedges, 
horsetails, and three grass taxa dominated by fossil 
species Berriochloa communis Thomasson (= Sti- 
pidium commune Elias). The early Hemphillian 
Russ’s flora (between 8.5 and 7 Ma, Garden County, 
Nebraska, Thomasson, 1990) contains 10 grass 
species among four of the five living subfamilies. 
Extant species of the genus Panicum L. (subfamily 
Panicoideae) that occur at Russ’s flora exhibit both 
C, and C, photosynthesis. A leaf fragment from 
Russ’s flora is in the subfamily Arundinoideae, 
which includes both C, and C, extant genera. The 
Minium Quarry (approximately 7 Ma, Graham 
County, Kansas, Thomasson et al., 1990) has a di- 
verse grass assemblage including 12 species among 
all 5 living subfamilies, and a C, fossil identified 
by Kranz anatomy in leaf cross section (Thomasson 
et al., 1986). Although scattered trees were present 
at the Russ’s and Poison Ivy sites, Thomasson 
(1990) reported that grassland was most likely the 
dominant community at all localities. 

Other significant Miocene paleofloras include the 
Beaver County floras of western Oklahoma (late 
Clarendonian, ~ 10 Ma), and the Logan County, 
Kansas, flora (Berry, 1918; Chaney & Elias, 1936). 
These are lacustrine deposits preserving aquatic 
and riparian taxa, approximately equivalent in age 
to the grass and forb assemblages of Elias (1942, 
and discussed in Chaney & Elias, 1936). Both are 


interpreted as representing a prairie environment 


with primarily riparian trees preserved. The Logan 
County flora represents a drier environment than 
the Beaver County assemblages based on species 
composition and smaller size of leaves. 

Thomasson (1990) interpreted the rich middle to 
late Miocene fossil grass record of the central and 
northern Great Plains as a grass-dominated land- 
scape with scattered trees, at least by 10 to 11 Ma, 
and a treeless grassland by 5 to 8 Ma. Chaney and 
Elias (1936) assumed that grassy interfluves of 10 
to 11 Ma were much like the treeless prairie of 
today. Axelrod (1985), in contrast, reconstructed 
woodlands and forests for the interfluves with park- 
like grassy openings until 7 to 5 Ma, by which time 
grasses had become dominant on the landscape. 
More recent analyses of Ogallala Group macrofos- 
sils from South Dakota and northern Nebraska sup- 
port the contention that by the middle Miocene 
grass-dominated environments were 
throughout the northern and southern Great Plains 
(Gabel et al., 1998). 


Paleogene and early Miocene floras from the Pa- 


present 


cific Northwest record widespread forests as far east 
as the modern Columbia Plateau (Chaney, 1959; 
Manchester, 1987, 1994). A precipitous cooling is 
evident in leaf assemblages from western North 
America near the Eocene-Oligocene boundary 
(Wolfe, 1994). Increasing aridity or continentality 
is indicated by the middle Miocene (Barnosky, 
1984; Wolfe, 1994). Pollen from the late Barstovian 
(= 13 Ma) Succor Creek Formation indicates local 
grass-dominated parklands in early successional 
communities on volcanic ash (Taggart & Cross, 
1990). By 10 Ma, forests gave way to a more open 
landscape in response to a rainshadow created by 
uplift of the Cascade Range (Clements & Chaney, 
1937), but grass-dominated vegetation was proba- 
bly uncommon until the middle to late Pliocene 


(Leopold & Denton, 1987). 


PALEOFAUNA 


The most recent review of the North American 
mammalian fauna is provided by Webb and Opdyke 
(1995; see also Webb, 1977, 1983a, b, 1984, 1989; 
Krause & Maas, 1990; Stucky, 1990; Janis, 1993; 
Janis et al., 1998; Woodburne & Swisher, 1995). 
The Cenozoic Era, as recorded in terrestrial rocks 
in North America, is divided on the basis of fossil 
mammals into 19 Land Mammal Ages (LMAs) to 
refine chronological resolution. In addition, Tertiary 
vertebrate assemblages can be grouped into six 
ecologically significant chronofaunas that remain 
relatively stable in composition and diversity 
throughout their duration, yet within which minor 
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change can be demonstrated. These chronofaunas 
are bounded primarily by periods of immigration 
accompanied by extinction, which dramatically 
change the character of succeeding chronofaunas, 
but their boundaries do not necessarily coincide 
with those of LMAs. Each chronofauna exhibits dis- 
tinct ecological attributes, providing clear indica- 
tions, based on mammals, of the environmental his- 
tory of North America. 

As summarized by Webb and Opdyke (1995), the 
Tertiary began with a Paleocene Chronofauna com- 
prised at the ordinal level primarily of Late Cre- 
taceous holdovers. Arboreal adaptations were com- 
mon. Most species were small to medium-sized, 
although there is a general increase in size and 
diversity of herbivores through the Paleocene, in- 
cluding the precociously hypsodont taeniodonts, 
the horned, browsing dinoceratans, and pantodonts, 
all three immigrants from Asia. During the Clark- 
forkian and Wasatchian (56.5—50 Ma) land mammal 
ages, waves of immigrants changed the character of 
the North American fauna, giving rise to the Eo- 
cene Chronofauna. Rodents, coryphodonts, and til- 
lodonts entered from Asia. Strong similarities exist 
between the North American and European faunas 
of the early Eocene, reflecting a North Atlantic im- 
migration route (Thulean Bridge). Perissodactyls 
and artiodactyls appear for the first time in North 
America. Low-crowned perissodactyls and rodents 
diversify greatly. Arboreal mammals, including pri- 
mates, are most abundant during the middle Eo- 
cene. Forest-dwelling primates are found within the 
Arctic Circle on Ellesmere Island (West & Dawson, 
1978). 

Selenodont, or crescent-shaped, tooth cusps are 
characteristic of the early Eocene (Wastachian) ge- 
nus Meniscotherium Cope. Special environmental 
significance was previously accorded Meniscother- 
ium based on its selenodont teeth and perceived 
distribution across North America. A more recent 
analysis based on dental microwear indicates food 
with a high grit content without significance for a 
diet or environment predominated by grass (Wil- 
liamson & Lucas, 1992). 

By the middle Eocene seasonal aridity is sug- 
gested by evaporite and oxidized redbed deposits 
associated with Green River lakes (Bradley, 1947). 
The Uintan rodent Protoptychus Scott (44—45 Ma) 
from Wyoming has inflated bullae; its elongate 
hindlimbs, short forelimbs, and other skeletal fea- 
tures are indicative of ricochetal locomotion (Wah- 
lert, 1973; Brown & Yalden, 1973; Turnbull, 1991). 
Protoptychus strongly resembles kangaroo rats and 
jerboas in its adaptations, both of which are char- 
acteristic of arid, open regions, thus suggesting to 


Turnbull (1991) that in the area of the Uinta and 
Washakie basins, riverine subtropical forests were 
separated by arid divides between the alluvial 
drainages. 

The Eocene Chronofauna drew to a close at ap- 
proximately 40 Ma (late Eocene), culminating in 
the Duchesnean LMA. New waves of immigration 
introduced the White River Chronofauna. The 
number of herbivorous species, including browsers, 
especially selenodont species, increased. New to 
this chronofauna were camels, peccaries, oreo- 
donts, and rhinoceroses. Among the smaller mam- 
mals, shrews, squirrels, beavers, pocket mice and 
some other rodent families, and rabbits were new. 
For the first time in North America, hypsodont 
mammals, both larger and smaller, were diverse. 
Some of the ungulates [e.g., Leptomeryx (Leidy)] are 
interpreted to have behaved similarly to gazelles, 
as herbivores that ate green grass in the growing 
season but subsisted on browse during the dry sea- 
son (Janis, 1982). None of the White River herbi- 
vores appears to have been a strict grazer. Burrow- 
ing species indicative of well-drained soils 
increased, and arboreal species decreased. Aquatic 
reptile diversity declined (Hutchison, 1992). The 
early Miocene Runningwater Chronofauna, followed 
by the Sheep Creek Chronofauna, are characterized 
by immigrations and relatively diverse faunas in- 
dicative of mixed, but progressively more open hab- 
itats. 

The Clarendonian Chronofauna, beginning about 
18 Ma in the Hemingfordian LMA, spans the Bar- 
stovian, Clarendonian, and Hemphillian land mam- 
mal ages, which end about 5 Ma. Between 18 and 
15 million years ago, during the inception of the 
Clarendonian Chronofauna, horses appear to in- 
clude greater amounts of graze in their diets. Be- 
ginning with Merychippus Leidy, high-crowned 
horses rapidly radiated and diversified (MacFadden 
& Hulbert, 1988; MacFadden et al., 1991; Hulbert 
& MacFadden, 1991; Hulbert, 1993), presumably 
signifying the increasing prevalence of grass in 
their diets and in the environment (Webb, 1983a; 
Hayek et al., 1992). This rich chronofauna exhibits 
its highest levels of mammalian diversity in the 
Barstovian, between about 16 and 12 Ma (141 spe- 
cies in 60 genera in 16 families). 

Voorhies (1990) listed 28 ungulate species from 
the Barstovian Norden Bridge Quarry, Nebraska. 
Grazing horse diversity reached 16 contemporane- 
ous species. The large rhinoceroses Teleoceras 
Hatcher and Aphelops Cope, the proboscideans 
Miomastodon Osborn and Gomphotherium Burmeis- 
ter, and other taxa dispersed from Asia into North 
America early in this interval. Beginning about 12 
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Ma, ungulates began a decline in diversity from 
their Barstovian peak. 

The three-toed hipparionine horse genus Cor- 
mohipparion Skinner & MacFadden first appears at 
approximately 15 Ma (Barstovian) and is widely 
distributed in North America until about 8 Ma. Cor- 
mohipparion is important because closely related 
equids dispersed throughout Eurasia subsequent to 
the first record of Cormohipparion in North Amer- 
ica. This hipparionine dispersal (see discussion of 
the Eurasian paleofauna below) has been inter- 
preted as representing the spread of grass-domi- 
nated ecosystems in the Old World during the Mio- 
cene, although the pattern may actually be more 
complex ecologically. The New World origin of the 
Old World hipparionine radiation can be narrowed 
to a subset of species that has been suggested to 
be within the Cormohipparion occidentale Leidy 
group (Bernor et al., 1996c; Woodburne, 1996), 
whose earliest record is 12.7 Ma (late Barstovian), 
and which lasted until slightly younger than 10 Ma 
(late Clarendonian or early Hemphillian; Wood- 
burne & Swisher, 1995). 

Cormohipparion occidentale occurs in the Clar- 
endonian Dove Spring Formation, California, along 
with a diverse suite of mammals, including five oth- 
er species of horses (Whistler & Burbank, 1992). 
As seen above in the discussion of North American 
paleobotany, the Dove Spring flora includes grass 
blades with Kranz anatomy, documenting the pres- 
ence of C, grass at 12.5 Ma, yet isotopic values for 
tooth enamel of Cormohipparion occidentale and 
Pliohippus tantalus Merriam indicate that C, plants 
were insignificant components in the diets of those 
horses (Cerling et al., 1998). 

The Poison Ivy Quarry (~ 10 Ma, Clarendonian) 
in Antelope County, Nebraska, is particularly sig- 
nificant with respect to the origin of grass-domi- 
nated ecosystems because the vertebrate assem- 
blage is associated with paleobotanical remains in 
a volcanic ash (see above). Remains of the barrel- 
shaped rhinoceros Teleoceros major Hatcher were 
found with grass remnants in the oral cavity and 
rib cage, demonstrating that this hypsodont rhino 
ate grass (Voorhies & Thomasson, 1979; see also 
MacF adden, 1998). Other taxa at the site include 
five species of horses and several camels. The veg- 
etation was mixed, including riparian woody spe- 
cies and a significant grass component, consistent 
with the mammalian assemblage. 

The diversity of mammals in the early part of the 
Clarendonian Chronofauna presumably reflects a 
rich mosaic of environments accommodating the 
spectrum of feeding adaptations that had been 
evolving throughout the Cenozoic. As one correlate 


of this diversity, elements of the Barstovian fauna 
were able to take advantage of grassy parkland suc- 
cessional habitats created by volcanic activity as 
demonstrated in the Succor Creek Formation, 
Oregon (Taggart & Cross, 1990). By the end of the 
Hemphillian (5 Ma), generic diversity was reduced 
to half that of the Barstovian near the beginning of 
the chronofauna (Webb & Opdyke, 1995). Browsers 
were initially affected more than grazers. Webb and 
Opdyke (1995) suggested that this pattern indicates 
the development of an extensive grassland. The in- 
ferred increase in grass cover coincided with a re- 
duction in ungulate diversity. Between about 7 and 
5 million years ago, equid diversity in North Amer- 
ica precipitously declined, only hipparionines and 
Equus L. remaining into the Pliocene (MacFadden 
& Hulbert, 1988). Accompanying these changes in 
the Hemphillian was an increase in faunal provin- 
cialism, an introduction of immigrants, and an in- 
crease in rodents with high-crowned teeth (Hulbert, 
1987; Jacobs, 1977; MacFadden et al., 1979; Shot- 
well, 1958, 1961; Tedford & Gustafson, 1974; 
Webb, 1989). Stable carbon isotopes (see below) 
indicate a dramatic dietary shift from C, to C, 
plants in the late Miocene, during the interval when 
ungulate diversity was decreasing (Cerling et al., 
1998). 

The ungulate component of the Clarendonian 
Chronofauna was convergently similar to the mod- 
ern African savanna fauna (Hulbert, 1982; Webb, 
1983a; Janis, 1984). However, toward the end of 
the Miocene in North America, unlike modern Af- 
rica, the fauna was deficient in hypsodont bovids, 
having instead a variety of horses, and lacked the 
diversity of small, lower-crowned browsing ungu- 


lates (Janis, 1984, 1995). 


STABLE ISOTOPES 


Initial investigations of equid enamel collected 
from western North American fossil localities in- 
dicated that C, grasses became an important dietary 
component starting between 7 and 6 Ma (Cerling 
et al., 1993). This dietary shift, in conjunction with 
isotopic data from Pakistan (Quade et al., 1989a, 
1992), was interpreted to reflect a rapid global ex- 
pansion of C,-dominated biomes attributed to glob- 
al changes in both the carbon budget and the me- 
teoric water cycle, rather than reflecting only 
regional climatic change. Specifically, this expan- 
sion was linked to decreasing atmospheric pCO, 
levels that would favor C, grasses over C, vegeta- 
tion. Cerling et al. (1993) observed that the late 
Miocene "C shift in equid enamel from North 
America did not correspond to the early to middle 
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Miocene development of hypsodonty and suggested 
a revision in the interpretation of the relationship 
of high-crowned teeth to the spread of grass-dom- 
inated environments. 

Subsequent studies of fossil herbivore enamel 
(MacFadden & Cerling, 1994, 1996; Wang et al., 
1994; Cerling et al., 1997b, 1998; Latorre et al., 
1997) provide additional support for C, biomass ex- 
pansion in the late Miocene. Based on isotopic 
analyses of 50 fossil horse enamel samples from 
various localities throughout North America up to 
52 Ma, Wang et al. (1994) noted that the first 
strongly enriched 8'C values in tooth enamel, in- 
dicating a significant to exclusive C, dietary com- 
ponent, occurred between 7 and 5 Ma. They point- 
ed out that the early to middle Miocene equid 
diversity climax and development of hypsodonty 
cannot be linked to the expansion of strictly mod- 
ern savanna ecosystems, which contain significant 
proportions of C, biomass. However, they suggested 
that C, grasslands and savannas could have existed 
under atmospheric pCO, levels higher than today 
(Wang et al., 1994). 

The carbon isotopic signature of fossil enamel 
from equids, gomphothere proboscideans, and ca- 
melids from the late Miocene to Pliocene of New 
Mexico and Arizona indicates that C, plants dom- 
inated diets there until 6.3 Ma (Latorre et al., 
1997). However, the isotopic values for camelid 
enamel as old as 15.6 Ma are interpreted as indi- 
cating a minor C, or CAM dietary component. After 
6.3 Ma there is a dramatic increase in C, vegetation 
in the diet of the fossil horses. During this transi- 
tion, the isotopic signal of camelid and gompho- 
there enamel indicates only moderate shifts toward 
an increase in the dietary C, component. 

Dividing isotopic data on equid enamel from 
North America into a high-latitude group (> 37°N) 
and a low-latitude group (< 37°N), Cerling et al. 
(1997b) noted a significant dietary shift in low-lat- 
itude equids during the late Hemphillian. Sites old- 
er than 7 Ma have 8'°C values consistent with a 
C,-dominated diet, but by 6.8 Ma a significant C, 
component is evident and by 5.7 Ma exclusive C, 
diets are indicated. Equid enamel analyzed from 
the high-latitude group do not indicate a C, dietary 
component until about 4 Ma, and northern horses 
consumed a smaller fraction of C, biomass than 
their southern counterparts. The variability in C, 
dietary component noted in North America and at 
intermediate latitudes (25—-40°N and S) elsewhere 
in the world potentially reflects the variability of 
growing seasons in different regions, variability in 
the amount of C, biomass during different parts of 
the growing season, or greater sensitivity at higher 


latitudes to climatic fluctuations (Cerling et al., 
1997b). 

Analyses of the enamel of fossil mammalian her- 
bivores comprising the orders Proboscidea, Peris- 
sodactyla, and Artiodactyla from 17 fossil localities 
in Florida ranging in age from 9.5 to 0.1 Ma indi- 
cate an isotopic shift toward a C, diet starting at 
7.0 Ma (MacFadden & Cerling, 1996). Prior to 7 
Ma, the carbon isotopic values of all tooth samples 
are consistent with a diet comprised only of C, 
plants. At about 7 Ma, the 8"C values of fossil 
enamel indicate both C, and mixed C,/C, diets, pre- 
sumably reflecting the spread of C,-based plant 
communities in this region of North America. By 
the latest Hemphillian (about 5 Ma) there is evi- 
dence for pure C, grass diets, although there is a 
gap in the fossil record between 5 and 7 Ma and 
exclusive C, diets may have occurred earlier. 
MacFadden and Cerling (1996) noted that the 
mixed dietary signals from teeth of Cormohipparion 
in the latest Hemphillian could reflect either a 
mixed diet of C, grass and C, browse or a diet of a 
mixture of C, and C, grasses. 

One of the more interesting features of the iso- 
topic record of North America is the significant 
time difference between the middle Miocene radi- 
ation of equids, usually interpreted as reflecting ad- 
aptations to grazing, and the spread of C, vegetation 
in the late Miocene. These data suggest that either 
C, grasses comprised a significant proportion of the 
vegetation during the middle Miocene and probably 
dominated communities in some regions, or that 
early high-crowned horses were not obligate graz- 
ers. The roughly contemporaneous spread of C,- 
dominated biomes and a precipitous decline in 
equid diversity as well as other faunal groups is 
also interesting. An increase in dietary C, grasses 
reflects an expansion of C, grasslands that would 
traditionally be expected to favor a grazing fauna. 
MacFadden and Cerling (1994) suggested the late 
Miocene isotopic shift may have involved the re- 
placement of savanna and forest biomes with lower- 
productivity C, grasslands. 


EURASIA 
SUMMARY 


Eurasia exhibits a great deal of regional provin- 
cialism as might be expected from the longitudinal 
and latitudinal extent of the landmass and the sig- 
nificant tectonic processes that have affected it 
throughout the Tertiary, including such events as 
the retreat of the Turgai Straits, the collision of In- 
dia with Asia, the closure of the Tethys, the Alpine 
Orogeny, and the desiccation of the Mediterranean 
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Basin. This large region includes the temperate 
grasslands of easternmost Europe, the Ukraine, 
Russia, and interior northern China, as well as the 
tropical and subtropical savanna regions of Asia 
and the Indian subcontinent. The natural vegetation 
of most of Europe is forest today and has been 
throughout the Tertiary (Fig. 1). 

Graminidites pollen and probable grass macro- 
fossils occur in the early Eocene London Clay flora, 
England (Chandler, 1964; Thomasson, 1987; Boul- 
ter, 1988). Nevertheless, the Tertiary paleobotanical 
record of western Europe documents the wide- 
spread presence of forest communities (Fig. 3). A 
period of drying and cooling begins in the late Eo- 
cene. Species richness declines into the Oligocene, 
and evergreen tropical and subtropical species are 
replaced by deciduous taxa and conifers. This trend 
continues throughout the Tertiary, progressing from 
north to south. Pollen evidence indicates the initial 
spread of grassland and steppe communities in the 
region around the Black Sea beginning in the late 
Miocene. However, grass pollen is not abundant in 
Europe until the middle Pliocene (Traverse, 1982; 
Benda, 1971). 

Pollen records from the northern interior of Chi- 
na indicate open environments in the Oligocene, 
but significant grass cover is absent until the early 
Miocene (Leopold et al., 1992). Rare Graminidites 
pollen is present in the early Tertiary Subathu For- 
mation of northwestern India (Mathur, 1984; Singh 
& Sarkar, 1990), along with palynological evidence 
of coastal, semi-evergreen tropical conditions. Ear- 
ly Miocene plant macrofossils from the Siwalik sec- 
tion of northwestern India indicate forest environ- 
ments, although pollen samples from the same 
region contain 8% grass pollen. An increase in 
abundance of grass pollen occurs in the late Mio- 
cene, documenting the development of a grass- 
dominated ecosystem (Mathur, 1984). In Nepal, late 
Miocene macrofossils indicate deciduous forest, but 
after the late Miocene grasses are represented by 
pollen and a few macrofossils (Awasthi & Prasad, 
1990; Sarkar, 1990; Prasad & Awasthi, 1996). 

The vertebrate record of central Asia is consis- 
tent with open habitat beginning in the Oligocene. 
Throughout the Neogene, the fauna of western Eu- 
rope indicates closed habitats, as compared to more 
open habitats to the east. Hipparionine horses orig- 
inated in North America, but dispersed across Eur- 
asia between 10.9 and 10.7 Ma, with an Old World 
radiation of browsing, mixed-feeding, and grazing 
species. The late Miocene fauna of Greece (8.3-7 
Ma) is characterized by a diverse suite of some 30 
species of mainly mixed-feeding and browsing un- 
gulates with few grazers. Between 9 and 7 Ma, sig- 


nificant faunal changes occur in the Siwalik se- 
quence of Pakistan, including the presence of 
hypsodont bovids, porcupines, and rabbits, and the 
disappearance of large hominoids, which indicate 
the opening of habitats. 

Isotopic studies of paleosol components and fos- 
sil herbivore enamel from Europe do not indicate 
significant C, biomass at any time during the Neo- 
gene. The isotopic record of Europe throughout the 
Miocene indicates a predominance of C, vegetation. 
In Asia, on the other hand, C, plants are isotopi- 
cally recorded as a minor dietary component at 9.4 
Ma in the Siwalik sequence of Pakistan, increasing 
gradually as a foraging resource until exclusively 
C, diets are documented about 5 Ma (Morgan et al., 
1994; Cerling et. al., 1997b). Analyses of paleosol 
carbonates from Pakistan and Nepal (Quade et al., 
1989a, 1995a) and organic matter from the Bengal 
Fan (France-Lanord & Derry, 1994) indicate a 
more abrupt shift from C,- to C,-dominated vege- 
tation between 8.1 and 6.5 Ma. 


PALEOBOTANY 


Europe. The European Tertiary paleobotanical 
record primarily documents a history of changing 
forest composition. Grass leaf and inflorescence 
fragments are reported from the early Eocene Lon- 
don Clay flora (Chandler, 1964; Thomasson, 1987). 
A palynological survey of aquatic monocotyledons 
from the Tertiary of southern England and northern 
France includes the occurrence of Graminidites 
pollen beginning in the early Eocene with the Lon- 
don Clay (Boulter, 1988), but these have not been 
evaluated to determine the absence of scrobiculae 
or presence of microchannels. Moreover, Wilkinson 
and Boulter (1980: 46) reported that Oligocene 
samples from England have up to 3% Graminidites 
having a poorly defined pore without a distinct an- 
nulus, thus implying these pollen are probably not 
Poaceae. 

Late Eocene to Oligocene paleobotanical records 
from western and central Europe indicate a general 
increase in seasonality, cooling, and drying (Collin- 
son, 1992). Plant communities show an increasing 
dominance of deciduous and coniferous taxa ac- 
companied by an overall decrease in species rich- 
ness and the occurrence of arid-adapted taxa such 
as Ephedra L., and Acacia Mill. (Collinson, 1992, 
and many references therein; Cavagnetto & Ana- 
don, 1996). An extensive herbaceous component is 
lacking in most Paleogene non-aquatic communi- 
ties; however, pollen of herbaceous plants, includ- 
ing grass, occurs in the early Oligocene of north- 
eastern Spain (Cavagnetto & Anadon, 1996). 
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Figure 3. Summary of paleobotanical, paleofaunal, and isotopic evidence for the origin of grass-dominated ecosys- 
tems in Eurasia. Symbols as in Figure 2. Sources: (1) Leopold et al. (1992), (2) Song et al. (1981), (3) Morgan et al. 
(1994), (4) Quade et al. (1989a), (5) Quade et al. (1995a), (6) France-Lanord & Derry (1994), (7) Collinson (1992), (8) 
Cavagnetto & Anadon (1996), (9) Mathur (1984), (10) Bernor et al. (1996a), (11) Woodburne (1996), (12) Bernor et al. 
(1996b), (13) Wang (1997), (14) Solounias et al. (1995a), (15) Jernvall et al. (1996), (16) Chandler (1964), (17) Tho- 
masson (1987), (18) Traverse (1982), (19) Benda (1971), (20) Singh & Sarkar (1990), (21) Prasad & Awasthi (1996), 
(22) Sarkar (1990), (23) Nandi (1975), (24) Sarkar et al. (1994), (25) Kovar-Eder et al. (1996), (26) Meng & McKenna 


(1998). 


The cooling and drying trend continues into the 
Neogene. Paleotropical species (e.g., Tetraclinis sal- 
icornoides Unger, Daphnogene sp. Kovar, Engel- 
hardia orsbergensis cf. Kovar) are replaced by de- 
ciduous, cool-adapted taxa (Quercus pseudocastanea 
Kovar-Eder and ruberoid oaks, Alnus ducalis Ko- 
var-Eder, Acer vindobonensis Kovar-Eder) from 
north to south across central, eastern, and south- 
eastern Europe. Thus, there is a time-transgressive 
and latitudinal trend from evergreen thermophilous 
taxa in the Paleogene to temperate deciduous forest 


in the Neogene (Kovar-Eder et al., 1996). Central 


Europe was dominated by deciduous taxa by the 
middle Miocene, while in the southern regions and 
the western Balkan Peninsula evergreen taxa were 
abundant until the beginning of the late Miocene 
(Kovar-Eder et al., 1996; Pantic & Mihajlovic, 
1977). 

Five middle Miocene pollen samples from lacus- 
trine sediments at Samos Island in the eastern Ae- 
gean, dated to 11.2 Ma, are interpreted as repre- 
senting closed to open woodlands with conifers on 
nearby uplands (Ioakim & Solounias, 1985). Two 
samples have 5% and 10% grass pollen, respec- 
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tively, and the remaining three have none. Ground 
cover is interpreted to have consisted of a variety 
of herbaceous plants, including grasses, which were 
not a significant component of the vegetation. 

A continuous core from the Black Sea spanning 
the last 10 million years provides a large-scale pal- 
ynological record of vegetation for the more arid 
interior of eastern Europe, the Ukraine, and north- 
central Turkey (Traverse, 1982). The late Miocene 
was dominated by warm-temperate adapted trees 
such as Engelhardia Leschenault ex Blume, Nyssa, 
Liquidambar L., oak relatives, and palms (Traverse, 
1982). However, a steppe-forest index, consisting 
of Artemisia L. (sage), Chenopodiaceae, and Amar- 
anthaceae pollen, relative to the total pollen flora, 
indicates the steady spread of steppe beginning 10 
Ma and reaching a maximum at the Plio-Pleisto- 
cene boundary. Dry, cold climate favors steppe spe- 
cies and grasses, which are inferred to have in- 
1982: 205). A 


palynological record from western Turkey docu- 


creased together (Traverse, 
ments an increase in conifers and herbaceous taxa, 
including Poaceae, in the late Miocene, with grass 
becoming very abundant in the middle Pliocene 


(Benda, 1971). 


Asia. The northern and western interior regions 
of China have grass-dominated, cool, and arid en- 
vironments today. Paleocene and early Eocene as- 
semblages from north, west, and central China con- 
tain significant percentages (as much as 80%) of 
arid-adapted shrubs, such as Nitraria L. and Ephe- 
dra, sometimes associated with forest taxa, such as 
Alnus, Betula L., Engelhardia, Carya, Juglans, and 
Liquidambar (Li et al., 1984; Leopold et al., 1992). 
Although Nitraria and Ephedra are abundant, grass 
pollen in Paleogene samples is rare (Leopold et al., 
1992). Nitraria remained widespread in the Oli- 
gocene, but Ephedra retreated to the northwest be- 
ginning in the late Eocene (Li et al., 1984). Mio- 
cene pollen samples from western and northern 
China are dominated by herbaceous pollen (as 
much as 40%) including grass (Leopold et al., 
1992) and are interpreted as indicating a broadly 
open steppe with local forest meadows and pines 
at higher elevations (Song et al., 1981). Conse- 
quently, the Neogene has been classified by Tao 
(1992) as a “stage of flourishing herbs.” 

In the Indian subcontinent, Paleocene to Oligo- 
cene palynofloral assemblages are reported from 
northwestern India. Sediments associated with the 
Paleocene Dras volcanics have a palynoflora inter- 
preted to represent dry, sandy, coastal vegetation 
based on the occurrence of palms including Nypa 
Steck, together with Casuarina L. and Ephedra, 


with Carpinus L., Corylus L., and Carya derived 
from uplands (Singh & Sarkar, 1990). Fern spores 
are also present. 

The Subathu Formation of Himachal Pradesh is 
reported as early to late Eocene by Mathur (1984) 
and Paleocene-Eocene by Singh and Sarkar (1990). 
Graminidites sp. is reported by Mathur (1984) as 
rare in the upper Subathu, and Poaceae are re- 
ported as present by Singh and Sarkar (1990). The 
report of Poaceae is probably based on the as- 
sumption that Graminidites is a grass, although we 
know of no detailed studies of pollen wall structure 
and sculpture on these pollen. The vegetation is 
interpreted as coastal, semi-evergreen, and tropical. 
Co-occurring taxa include dinoflagellates, palms, 
Cycas L., Betulaceae, Juglandaceae, and the trop- 
ical Anacolosa (Blume) Blume (Singh & Sarkar, 
1990). Samples from the Oligocene Dharmsala For- 
mation are dominated by fern spores with a few 
angiosperms and no grass pollen reported (Mathur, 
1984). 

Neogene plant macrofossils and pollen are found 
in Siwalik and related sediments throughout the 
foothills of the Himalayas in India and Nepal. Si- 
walik deposits are the direct result of mountain 
building associated with the collision of the Indian 
and Asian plates, and range in age from early Mio- 
cene (~ 22 Ma) to the present (Barry, 1995). The 
Siwalik sequence of the Potwar Plateau, Pakistan, 
has precise time control based on the paleomag- 
netic time scale but contains no paleofloras (Barry, 
1995, and references therein). Paleobotanical sites 
in India are generally designated as lower, middle, 
or upper Siwalik, and are thus only loosely litho- 
logically correlated to dated sections of the Potwar, 
or to other vertebrate-bearing sections. The lower 
Siwaliks of the Potwar Plateau are of early to late 
Miocene age, ranging from greater than 18 Ma to 
less than 11 Ma. The superposed middle Siwaliks 
of the Potwar continue the record into the early 
Pliocene. 

Lower Siwalik wood from the Kalagarh, northeast 
of Delhi, includes taxa with affinities to Diptero- 
carpaceae, and the genera Sterculia L., Bursera 
Jacq. ex L., Dialium L., Millettia Wight & Arn., 
Diospyros L., Artocarpus J. R. Forst. & G. Forst., 
and Ficus L. (Prasad, 1993). These plants inhabit 
tropical evergreen or moist deciduous forests today 
(Prasad, 1993). Lower Siwalik pollen assemblages 
from northwestern India are dominated by pteri- 
dophyte spores and angiosperm pollen, including 
palm, rare gymnosperms, and approximately 8% 
Monoporites sp. (Banerjee, 1968; Nandi, 1975). 

Middle Siwalik pollen assemblages are more 
species rich than those of lower or upper Siwalik 
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samples. Most show an increase in gymnosperm 
pollen (primarily Pinaceae). Macrobotanical sites 
lack conifers; therefore, conifer pollen is assumed 
to be allocthonous (e.g., Awasthi, 1982; Prasad & 
Awasthi, 1996), from upper elevations associated 
with uplift of the Himalaya (Nandi, 1972, 1975; 
Ghosh, 1977; Sarkar et al., 1994). Both pollen and 
macrofossil assemblages indicate increasing sea- 
sonality, or decreasing moisture, or both, toward the 
end of the lower Siwaliks and through the middle 
Siwaliks, particularly in the northwestern part of 
the subcontinent (Prakash, 1973). Grass pollen in- 
creases to 23% in middle to upper Siwalik sedi- 
ments (Nandi, 1975; Sarkar et al., 1994). Mathur 
(1984) interpreted the increase in grass pollen as 
indicative of established savanna vegetation by the 
late Miocene (upper part of the middle Siwaliks). 
Paleobotanical studies of the Surai Khola Siwa- 
liks, Nepal, are of particular interest because there 
is a stable carbon isotope record from the same 
formation (see following isotope section). Plant 
macrofossils comprise 53 species among 15 fami- 
lies with affinities to extant evergreen and moist 
deciduous taxa. The proportion of dry deciduous 
taxa increases toward the top of the middle Siwalik 
section (Awasthi & Prasad, 1990; Sakar, 1990; Pra- 
sad & Awasthi, 1996). Upper Siwalik sediments 
from Surai Khola are poorly fossiliferous and pre- 
serve a few graminoid specimens (Prasad & Awas- 
thi, 1996). Pollen assemblages from the upper Si- 
walik portion of the sequence include Pinaceae and 
other wind-pollinated groups, and more than 30% 
Poaceae in the uppermost sample (Monoporopollen- 
ites kasauliensis, Singh & Sarkar referred to as 


Sarkar, 1990: 322; Prasad & 


“grass pollen,” 


Awashti, 1996). 


PALEOFAUNA 


Europe. The European record is, in some ways, 
similar to that of North America because of direct 
dispersals via the northern Atlantic region in the 
early Tertiary and because of dispersals from Asia 
to Europe and North America throughout the Ter- 
tiary (Schmidt-Kittler, 1987; Lindsay et al., 1989; 
Bernor et al., 1996a). Nevertheless, despite simi- 
larities due to episodic faunal exchanges, the re- 
cords are distinct. The greatest faunal similarity is 
shown at ~ 56 Ma (early Eocene; Wasatchian of 
North America and Sparnacian of Europe), during 
which time there is no evidence of extensive grass- 
dominated ecosystems in Europe. 

Of major significance in the European faunal re- 
cord is the Grande Coupure (~ 34 Ma, early Oli- 
gocene), during which the European biota under- 
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went major reorganization, presumably associated 
with global cooling. An older vertebrate fauna char- 
acteristic of forested environments changed to a 
younger fauna characteristic of more open, but still 
relatively closed and wooded, country. Asia was 
probably a major source for new immigrants in Eu- 
rope after the Grand Coupure, following removal of 
the Turgai Straits as a biogeographic barrier. 

Detailed data on the chronology and distribution 
of mammals demonstrate a high degree of region- 
alism between western Europe, eastern Europe, and 
southwestern Asia (Bernor et al., 1996a; van Dam, 
1997). Fortelius et al. (1996a, b) provided detailed 
comparisons from about 17 Ma onward between the 
west (including localities in Portugal, Spain, 
France, Italy, Germany, Switzerland, Austria, Po- 
land, Czech Republic, and Slovakia) and the east 
(including localities in Hungary, Slovenia, Serbia, 
Bosnia, Macedonia, Albania, Greece, Bulgaria, Ro- 
mania, Moldova, Ukraine, Georgia, Turkey, Iran, 
Afghanistan, and Kazakhstan). Because such large 
geographic areas vary locally, the aggregate faunal 
blocks represent the sum of sampled environments. 
Nevertheless, there are clearly differences between 
the two faunal blocks that broadly reflect ecology 
including the dominant vegetation. Taxon-indepen- 
dent ecomorphological faunal analyses indicate di- 
versity and body size trends from initially closed 
and forested landscapes toward assemblages char- 
acteristic of progressively more open and seasonal 
environments (Bernor et al., 1996b; Fortelius et al., 
1996a, b). Species richness begins to increase in 
the eastern region at about 10.5 Ma, while it de- 
creases in the west. By the Messinian crisis (ap- 
proximately 7 Ma and younger), diversity in the 
eastern region had fallen. For most time intervals 
from 9.5 Ma onward, the distinctions intensify be- 
tween the regions with the eastern block fauna re- 
flecting more open conditions than those in the 
west. This pattern suggests diachronous opening of 
the landscape, earlier in the east, with central Eu- 
rope remaining relatively closed (Bernor et al., 
1996b; Fortelius et al., 1996a, b). 

During the early Miocene (Orleanian, approxi- 
mately 17 Ma), Anchitherium von Meyer (a brows- 
ing horse), two genera of proboscideans, and five 
browsing ruminant artiodactyls are present in Eu- 
rope. The earliest records of bovids are species of 
Eotragus Pilgrim from Artenay, France, and the 
Kamlial Formation, Pakistan, the latter occurrence 
of similar age to Artenay and dated by magnetic 
polarity stratigraphy at 18.3 Ma (Solounias et al., 
1995a). The genus has a broad distribution 
throughout Eurasia, Africa, and the Middle East, 
its youngest record being approximately 14 Ma, 
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possibly younger. Solounias and Moelleken (1992) 
examined microwear in E. sansaniensis (Lartét) 
from Sansan, France (15 Ma, Steininger et al., 
1996). Microwear on the teeth indicates that this 
species was a browser. The fauna of Sansan is di- 
verse, including tragulids, suids, cervids, and glir- 
ids, among other taxa, suggesting a forest environ- 
ment. In general, the European faunas of this age 
indicate a dry subtropical to deciduous forest in the 
east, with a more closed habitat in the west (Bernor 
et al., 1996b; Fortelius et al., 1996a, b). 

The first appearance of hipparionine horses has 
traditionally been interpreted as heralding the 
spread of grasslands across the Old World. In ad- 
dition, as an abundant and readily identifiable tax- 
on, hipparionine horses hold a fundamental posi- 
tion in Eurasian Neogene mammalian chronology, 
its first appearance being recognized as the Hip- 
potherium Kaup Datum (fide Woodburne, 1996; 
Woodburne et al., 1996; = Hipparion Datum of oth- 
er authors). Recent studies suggest an origin of Hip- 
potherium close to North American Cormohipparion 
occidentale with subsequent dispersal and radiation 
across Eurasia between about 10.9 and 10.7 Ma 
(Bernor et al., 1996c; Kappelman et al., 1996; Pil- 
beam et al., 1996; Woodburne et al., 1996; Sen, 
1997). However, the dispersal of hipparionine hors- 
es across the Old World may be more complicated 
than simply the spread of grass-dominated ecosys- 
tems as originally interpreted. 

Microwear analysis of teeth (Hayek et al., 1992) 
indicates that North American Cormohipparion ob- 
tained a significant portion of the diet by grazing. 
Of the Old World species examined by Hayek et 
al. (1992), some species were grazers while others 
appear to have had mixed diets. In hipparionines, 
reduction of facial fossae (pits on the sides of the 
muzzle in front of the eyes) is associated with graz- 
ing, and retention or elaboration of the facial fossae 
is associated with those species that appear to be 
mixed-feeders or to utilize browse. Well-developed 
facial fossae are retained in early Eurasian Hip- 
potherium (Bernor et al., 1996c). Based on the mor- 
phology of the limbs, the oldest European hippa- 
rionine species were forest dwellers, but later 
species were adapted for drier and more open coun- 
try (Eisenmann, 1995). Thus, it appears that the 
dispersal of hipparionines from North America 
through Eurasia was associated with factors other 
than, or possibly in addition to, the spread of grass- 
dominated ecosystems across the Old World. 

The Turolian faunas from the Greek island of 
Samos, and from Pikermi, near Athens (about 8.3 
to 7 Ma; Bernor et al., 1996d), are particularly in- 
teresting because they present a diverse fauna that 
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has historically been interpreted as representing 
open grassland and savanna, because isotopic stud- 
ies have been conducted on samples from there 
(see below; Quade et al., 1994), and because the 
morphology and tooth wear of several ungulates in 
the fauna have been analyzed to infer dietary hab- 
its. The ruminant fauna consists of approximately 
30 species, interpreted to be predominately brows- 
ers and mixed-feeders based on the structure of the 
masticatory apparatus (Solounias & Dawson-Saun- 
ders, 1988). More specifically, masseteric morphol- 
ogy of bovids, including two species of Tragoportax 
Pilgrim, two species of Pachytragus Schlosser, and 
one species of Gazella de Blainville, indicates 
mixed-feeding or browsing; however, microwear 
analysis on the teeth indicates that Tragoportax and 
Pachytragus laticeps Andree grazed or at least took 
grass in the diet seasonally (Solounias & Hayek, 
1993; Solounias et al., 1995b). Moreover, premax- 
illary shape and microwear on the low-crowned 
teeth of the giraffid Samotherium boissieri Forsyth- 
Major indicates grazing or possibly mixed-feeding 
(Solounias et al., 1988; Solounias & Moelleken, 
1993a, b). In addition, of six species of hipparion- 
ine horses for which diet was interpreted from tooth 
wear (Hayek et al., 1992), three were inferred to be 
grazers and three mixed-feeders. The mixed-feed- 
ers have facial characteristics that may indicate the 
presence of a proboscis used in gathering browse. 

Although the traditional interpretation of the en- 
vironment of Samos and Pikermi is open grassland, 
the fauna clearly utilized both browse and grass, 
and the fauna as a whole does not reflect a pure 
grassland. Solounias et al. (1995b) suggested that 
the environment was one of forest and bush country, 
perhaps analogous to that of the Khana National 
Park, India, or the Tana River, Kenya (Schaller, 
1967; Andrews et al., 1975). 


Asia. The trend toward increasing seasonality 
and open country probably began earlier in China 
and Mongolia than in the eastern portion of Europe 
and southwestern Asia. Meng and McKenna (1998) 
documented an abrupt reorganization from peris- 
sodactyl-dominated Eocene faunas to rodent/lago- 
morph-dominated faunas of the Oligocene, a 
change they named the Mongolian Remodeling and 
correlated with the European Grande Coupure (~ 
34 Ma). The cause of the Mongolian Remodeling 
was suggested to be global cooling, resulting in 
open environments. The ctenodactylid Tataromys 
plicidens Matthew & Granger from Mongolia, north- 
ern China, and Kazakhstan, and other rodents, sup- 
port an open environment, but not necessarily 
grass-dominated, in central Asia at 30 Ma (late ear- 
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ly Oligocene; Wang, 1997). The fauna of the begin- 
ning of the Miocene is little different from that of 
the late Oligocene, although rhinoceroses and other 
browsing ungulates diversify in the Miocene. Qiu 
(1989) and Qiu and Qiu (1995) recorded Neogene 
changes in the Chinese mammal fauna, including 
the appearance of proboscideans and the browsing 
horse Anchitherium at about 19 Ma (Woodburne & 
Swisher, 1995), and hipparionines at around 10.8 
Ma. Regional variation is indicated especially in 
the distribution of rodents and primates (Jacobs et 
al., 1985; Qiu & Qiu, 1995), reflecting a suite of 
habitats from more forested in the southeast to more 
open in the interior. 

Indo-Pakistan has a complicated geologic and 
paleogeographic history of northward drift and in- 
corporation into the Asian landmass during the ear- 
ly Tertiary. The Eocene fauna of Indo-Pakistan has 
some Holarctic elements but includes cetaceans 
and primitive proboscideans and is deficient in car- 
nivores (Gingerich et al., 1997). The Neogene fauna 
of Pakistan is representative of a southern Asian 
zoogeographic province that extended eastward to 
Thailand (Ducrocq et al., 1994), at least during its 
middle Miocene portion, changing through time by 
the dispersal of taxa into the region from Africa and 
Eurasia and by evolutionary changes occurring 
within the region. The early Miocene is best rep- 
resented by the Dera Bugti fauna and characterized 
by large anthracotheres, deinothere and gompho- 
there proboscideans, and baluchimyine rodents 
(Raza & Meyer, 1984; Raza et al., 1984; Flynn et 
al., 1986; Friedman et al., 1992; Downing et al., 
1993; Flynn & Cheema, 1994). By 18 Ma, signifi- 
cant microfaunal turnover had occurred (Jacobs et 
al., 1981; Flynn et al., 1997). 

The record from 18.3 Ma through the remainder 
of the Miocene and into the Pliocene and Pleisto- 
cene is preserved in rocks of the Siwalik Group. 
The Siwalik fauna comprises 13 orders of mam- 
mals, although most species are rodents, ruminants, 
or perissodactyls. The great strength of the Siwalik 
record is its chronological control, made possible 
through magnetic polarity stratigraphy, allowing 
patterns of faunal change to be discerned in detail 
(Barry et al., 1982, 1985, 1990, 1991, 1995; Flynn 
& Jacobs, 1982; Jacobs et al., 1989, 1990; Barry 
& Flynn, 1989; Flynn et al., 1990; Flynn et al., 
1995a; Jacobs & Downs, 1994; most recently re- 
viewed by Barry, 1995). With few exceptions (e.g., 
Flynn et al., 1991; Flynn et al., 1995b; Sotnikova 
et al., 1997), other Asian faunas lack such precise 
age control. 

Siwalik rodents and artiodactyls increase in di- 
versity between about 15 and 13 Ma, after which 


time their diversity decreased. Bovids increase rel- 
ative to tragulids. By 12.7 Ma, large hominoids ap- 
pear. Hipparionine horses first occur at 10.7 Ma 
(Pilbeam et al., 1996), consistent with the first ap- 
pearances of hipparionines elsewhere in the Old 
World. 

Murine rodents, as represented by Progonomys 
Schaub, occur at about the same time or slightly 
later than hipparionines in most of Eurasia, but in 
the Siwaliks Progonomys occurs earlier (12.3 Ma). 
This is an interesting pattern implying that murines 
evolved in southern Asia. They are now major com- 
ponents of the African savanna fauna, reflecting an 
endemic radiation, but the initial dispersal of the 
group from southern Asia may have occurred si- 
multaneously with the dispersal of hipparionines. 

In the Siwaliks, murines became numerically 
abundant but not taxonomically diverse at any giv- 
en stratigraphic horizon. As a group, striking size 
increase is apparent by 9.0 to 8.5 Ma and continues 
less dramatically until at least 8 Ma. Burrowing rhi- 
zomyids occur in the Siwalik section prior to 9 Ma, 
a gerbil (Abudhabia de Bruijn & Whybrow also 
known from the Arabian Peninsula, Flynn & Ja- 
cobs, in press) appears briefly at 8.7 Ma, and por- 
cupines (Hystrix L.) and rabbits are recorded about 
7 Ma. Among rodents, the late Miocene is clearly 
eventful. Burrowing in rhizomyids and the occur- 
rence of a gerbil and a porcupine are consistent 
with more open habitat. Four lineages of hypsodont 
artiodactyls occur from the late Miocene. Faunal 
change also affects pigs, hippopotamuses, and gi- 
raffes in this time interval (Barry, 1995). Hominoids 
are not recorded in Pakistan after about 8.0 Ma 
(timescale of Cande & Kent, 1995), and the Siwalik 
fauna of that age resembles more closely those from 
northern and western Eurasia (Jacobs et al., 1985; 
see Qiu, 1989; Qiu & Qiu, 1995). 


STABLE [ISOTOPES 


Analyses of fossil herbivore enamel and paleosol 
carbonates from middle Miocene to Pliocene sites 
in the eastern Mediterranean (Quade et al., 1994, 
1995b), including Samos and Pikermi (see discus- 
sion above), indicate that the vegetation has been 
dominated consistently by C, plants with no evi- 
dence of significant C, vegetation. Data from Spain 
and France, as well as North Africa (Cerling et al., 
1997b), also indicate that C, plants have not been 
a significant component of the Neogene biomass in 
western European or Mediterranean biomes. 

The spread of C, vegetation in Asia appears to 
have occurred in the late Miocene. This shift was 
first documented by analyses of paleosol carbonates 
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collected from the Siwalik sequence in Pakistan, 
where Quade et al. (1989a) noted an apparent dra- 
matic ecological shift from C,- to C,-dominated bio- 
mass beginning at 7.4 Ma based on the time scale 
then in use (now calculated at ~ 8.1 Ma, J. Barry, 
pers. comm.). They concluded that earlier C, bio- 
mass was mainly composed of trees and shrubs, 
whereas C, grasslands dominated the Plio-Pleisto- 
cene. Paleosol carbonates were collected primarily 
from floodplain environments, and Quade and Cer- 
ling (1995) noted that woodland habitats were prob- 
ably present throughout this period marginal to the 
active floodplains. The isotopic transition reflects 
the replacement of C, vegetation (possibly includ- 
ing C, grasses) by C, grasses. Preliminary analyses 
of fossil herbivore enamel from the Siwaliks (Quade 
et al., 1992) indicate C, diet at 7.5 Ma and C, diet 
at 3.5 Ma for those taxa surveyed, although data 
are lacking for the intervening time period. They 
inferred that, in general, most herbivores examined 
prior to the isotopic shift were browsers and that 
the shift reflects displacement of tree and shrub 
communities on the floodplains of major rivers by 
nearly continuous C, grassland. Isotopic values on 
tooth enamel younger than 3.5 Ma record only C, 
diet; however, these samples do not include taxa 
interpreted to have been browsers. 

Based on a data set with more complete taxo- 
nomic and temporal coverage, Morgan et al. (1994) 
also recorded the dietary shift from C, to C, vege- 
tation in fossil herbivores from the Siwaliks, but 
they concluded that rather than an abrupt transition 
at 7.4 Ma, the change occurred over a period of 2— 
3 Ma. In addition, independent evidence for paleo- 
diet based on dental microwear analyses of Siwalik 
artiodactyl and perissodactyl species, utilized in 
concert with isotopic data, indicated that C, grasses 
were an integral part of the Siwalik vegetation not 
only before evidence for C, grasses at 9.4 Ma but 
also subsequent to the transition (Morgan et al., 
1994). 

Stable carbon isotopic analyses of carbonate in 
fossil ostrich eggshell from the Siwaliks indicates a 
dietary shift from C,-dominated to mixed C,/C, and 
pure C, diets sometime between 7.5 to 4 Ma (Stern 
et al., 1994). A scarcity of eggshell data precludes 
precise conclusions about the timing of this dietary 
shift. Stern et al. (1994) noted that the dietary shift 
may have taken place as late as 3.5 Ma and sug- 
gested that differences between the timing of mam- 
malian and ratite isotopic shifts may reflect greater 
dietary discrimination in the mammals. 

Isotopic analyses of paleosol carbonates and or- 
ganic matter from the Siwalik Group in southern 
Nepal record an ecological change starting ~7.0 


Ma (Quade et al., 1995a), 1.1 Ma later than the 
shift in Pakistan [both dates calibrated to timescale 
of Cande & Kent, 1995]. This shift is interpreted 
to mark the displacement of largely C, vegetation, 
probably semideciduous forest, by C, grassland in 
floodplain environments. C, biomass prior to the 7.0 
Ma transition is interpreted to have been < 20% 
of the total. Coincident with this isotopic shift is 
the decline and final disappearance of leaf fossils 
and coalified logs from the sequence. 

In a more regional examination of this isotopic 
shift, France-Lanord and Derry (1994) analyzed or- 
ganic carbon from the Bengal Fan, which also 
showed a 10%o increase in C beginning approx- 
imately 7 Ma. This isotopic change indicates that 
the expansion of C, habitats documented in the Si- 
waliks was widespread over the Himalayan fore- 
land. The relationship between the 8'C and sedi- 
ments in the Bengal fan suggest that C, plants 
remained abundant in the Himalayan hinterland 
throughout the late Miocene and Plio-Pleistocene. 


SouTH AMERICA 
SUMMARY 


South America spans from about 55°S to 12°N 
latitude, with great topographic variation, and sup- 
ports grass-dominated ecosystems over large areas 
(Fig. 1). Tropical and subtropical savanna, the lla- 
nos, is found associated with the alluvial plains of 
the Orinoco River system and the Guyana region 
between the Orinoco and the Amazon (Coupland, 
1992c). A portion of the tablelands of Brazil, re- 
ferred to as the campos cerrados, consists of open 
grassy savanna (campos limpos). A narrow belt of 
tropical to subtropical grassland occurs at middle 
elevations along the eastern side of the Andes from 
Venezuela to northwest Argentina. The largest ex- 
tent of temperate grassland in South America exists 
in the Rio de la Plata region of central eastern Ar- 
gentina (the pampas), Uruguay, and southern Brazil 
(the campos; Soriano et al., 1992). To the west of 
this region is woodland to wooded savanna, the cha- 
co of Argentina and Paraguay (Soriano et al., 1992). 
In the area where Brazil, Bolivia, and Paraguay 
meet, there is an intermingling of the northernmost 
extent of chaco woodlands with a southern exten- 
sion of subtropical savanna (Sarmiento, 1983). 
High-elevation Andean grasslands of Venezuela 
and Colombia are referred to as paramo. Argentina 
and Peru have the intermontane altiplano. 

Pollen assemblages from northern South America 
document Monoporites annulatus from the early and 
late Paleocene (Muller et al., 1987; Rull, 1997; Fig. 
4). A pantropical biostratigraphic zone, the Mono- 
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Figure 4. Summary of paleobotanical, paleofaunal, and isotopic evidence for the origin of grass-dominated ecosys- 
tems in South America. Symbols as in Figure 2. Sources: (1) Muller et al. (1987), (2) Van der Hammen & Wymstra 
(1964), (3) Hoorn (1993), (4) Germeraad et al. (1968), (5) Wijninga (1996), (6) MacFadden et al. (1994), (7) Latorre et 
al. (1997), (8) MacFadden et al. (1996), (9) Romero (1993), (10) Andreis (1972), (11) Kay et al. (1997a), (12) Shockey 
(1997), (13) Wyss et al. (1993), (14) Pascual & Ortiz Jaureguizar (1990). 


porites annulatus Zone, of late early Eocene (49- 
45 Ma), recognized by the consistent presence of 
grass pollen, is widespread in northern South 
America and western Africa (Germeraad et al., 
1968). Several taxa found today in the chacoan 
wooded savanna, including Poaceae, occur in Oli- 
gocene pollen assemblages (Romero, 1993). By the 
early Miocene, local grass-dominated areas are 
documented for coastal Guyana (Van der Hammen 
& Wymstra, 1964; Van der Hammen, 1983), but 
lowland forest is present in Colombia (Hoorn, 1993; 
Wijninga, 1996). By the middle Miocene, coastal 


savannas are documented in Colombia (Hoorn, 
1993). High-elevation paramo grassland is present 
by the late Pliocene (Wijninga, 1996). 

Endemic ungulates (notoungulates) first begin 
exhibiting increased crown height in the late Pa- 
leocene (Pascual & Ortiz Jaureguizar, 1990). The 
oldest fauna characterized by herbivores with high- 
crowned teeth is at least 31.5 Ma, and a similar- 
aged notoungulate has a muzzle shape indicative of 
grazing (Shockey, 1997). The locality of Salla (27 
Ma) contains two notoungulates adapted for grazing 
based on muzzle shape and hypsodonty. Enamel 
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samples of high-crowned notoungulates from the 
Salla section exhibit isotopic signatures consistent 
with a C, diet. The morphology of notoungulates 
and the known presence of grass in South America 
both earlier and later than Salla suggest that C, 
grasses may have been a major component in some 
South American late Oligocene ecosystems. 

Evidence for C, grasses as a dietary component 
is first apparent in the enamel of 10 Ma herbivores 
from Bolivia, which yield isotopic values consistent 
with mixed C,/C, diets (MacFadden et al., 1994). 
Exclusively C, grass diets are first recorded in the 
enamel of notoungulates from localities in Argen- 
tina (5.5 Ma + 1 Ma). Paleosol carbonates from 
Argentina indicate a significant C, component in 
local biomes at 7.3 Ma (LaTorre et al., 1997). The 
C, component increases gradually until 3.7 Ma 
when there is an abrupt shift to environments com- 
prised of approximately 70% C, biomass. There is 
no unequivocal evidence for C, grass-dominated 
ecosystems earlier in South America than North 
America. Overall, the vertebrate and isotope data 
suggest that the initial spread of grass-dominated 
ecosystems and the coevolution of grazing herbi- 
vores involved C, grasses as was the case in North 
America. 


PALEOBOTANY 


Grass pollen is documented in northern South 
America during the early and late Paleocene (mid- 
dle Thanetian, ~ 57 Ma; Muller et al., 1987; Rull, 
1997), although Paleocene records from Argentina 
lack grass pollen or macrofossils (Menendez, 1971; 
Archangelsky, 1976). Argentine Paleocene to Eo- 
cene palynofloras represent tropical to subtropical 
forested environments (Menendez, 1971). At the 
base of the middle Eocene (~ 48 Ma), Germeraad 
et al. (1968) defined a palynofloral zone for north- 
ern South America (and Africa) marked by the first 
regular occurrence of Monoporites annulatus. This 
coincides with grass leaf cells preserved in middle 
Eocene paleosols from the Musters Formation, Ar- 
gentina (44°S), and interpreted along with pedolog- 
ical features to indicate an environment similar to 
modern pampas (Andreis, 1972). In addition, the 
Eocene to Oligocene Sarmiento Formation (~ 45°S) 
contains loess units thought to have been formed 
on an extensive plain (Spalletti & Mazzoni, 1979). 
Romero (1993) reported the Oligocene occurrence 
of pollen of Poaceae and arid-adapted herbs (Chen- 
opodiaceae), shrubs (Ephedraceae), and families 
characteristic of the chacoan woodlands today, sug- 
gesting the origin of South American wooded sa- 
vanna communities at that time. Unfortunately, the 


amount of grass cover is not discernible from any 
of these studies. 

Pollen assemblages from the southern tip of 
Chile (~ 50°S), estimated to be Eocene to early 
middle Oligocene in age, are dominated by Noth- 
ofagus Blume species associated with gymnosperms 
and ferns (Fasola, 1969). Menendez (1971) noted a 
northward retreat of tropical floristic elements from 
Argentina and concomitant expansion of cool-tem- 
perate taxa in the late Eocene and early Oligocene. 
He suggested that significant aridification of the Pa- 
tagonian region of Argentina did not take place un- 
til the late Miocene or early Pliocene as a result of 
Andean uplift, which would have cut off the source 
of moist Pacific air masses (Menendez, 1971). 

Coastal pollen cores from Guyana document pal- 
ynological zonation for much of the Tertiary with 
hiatuses during parts of the Oligocene, Miocene, 
and Pliocene (Van der Hammen & Wymstra, 1964). 
Monoporites annulatus occurs infrequently in sam- 
ples from the Oligocene through the Pliocene, and 
rarely exceeds 10%. However, two samples from 
the early Miocene section of the Shelter Belt core 
obtain abundances of more than 10% grass pollen; 
one contains about 43% grass pollen (Van der 
Hammen & Wymstra, 1964). Van der Hammen 
(1983) interpreted these records to indicate savan- 
na similar to that of today in northern South Amer- 
ica by the Miocene. 

Pollen records from the Colombian Andes of 
northern South America document substantial up- 
lift of the mountains between the middle Miocene 
and late Pliocene (Hoorn, 1993; Hoorn et al., 1995; 
Hoogheimstra et al., 1994; Wijninga, 1996). Early 
and middle Miocene records from this area contain 
lowland forest assemblages. However, a noticeable 
increase from < 10% to 20% in grass pollen occurs 
in the early middle Miocene (Hoorn, 1993). This is 
interpreted as representing open grassy areas on 
alluvial plains (Hoorn et al., 1995). Wijninga 
(1996) documented the development of high-ele- 
vation paramo grassland in the high plain of Bo- 
gota, Colombia, by the latest Pliocene. Palynologi- 
cal records from Central America represent lowland 
forest on isolated islands until at least the middle 
Pliocene (Graham, 1987, 1990a, b; see Burnham 
& Graham, 1999, this issue). 


PALEOFAUNA 


South America has a reasonably good vertebrate 
fossil record throughout the Tertiary (Scott, 1913; 
Webb, 1978; Simpson, 1980; Janis, 1993), with 
many localities located in what are now grass-dom- 
inated ecosystems surrounding the Amazon Basin. 
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However, fossil localities reflect latitudinal and oro- 
graphic effects, just as the modern biota does. 

The earliest record of hypsodonty among mam- 
mals, not just within South America, but globally, 
is found in Late Cretaceous and early Tertiary su- 
damericid gondwanatheres. This group has been 
considered related to multituberculates. Gondwan- 
atheres are known from South America, Madagas- 
car, and India, probably reflecting Late Cretaceous 
continental connections through Australia and Ant- 
arctica (Woodburne & Case, 1996; Krause et al., 
1997). Other diverse multituberculates, all herbi- 
vores, have a geographically broad distribution in 
the Northern Hemisphere throughout the Creta- 
ceous and early Tertiary, but no others, except 
gondwanatheres (if they are in fact multitubercu- 
lates), developed high-crowned teeth, so far as is 
currently known. Hypsodonty, in the case of gond- 
wanatheres, may indicate abrasive diet as in many 
other mammals with high-crowned teeth, but in any 
case, these small mammals first occur prior to the 
earliest fossil record of grasses. 

The Tertiary record of mammals in South Amer- 
ica is characterized by a number of endemic, in- 
creasingly high-crowned notoungulates and other 
taxa at least from the late Paleocene (Webb, 1978; 
and references therein; Cifelli, 1985; Pascual & 
Ortiz Jaureguizar, 1990). Pascual and Ortiz Jaure- 
guizar (1990) reviewed faunal change as related to 
climate based on a multivariate analysis of South 
American land-mammal ages (SALMA), and using 
cheek tooth characters, particularly of ungulates, to 
indicate dietary preferences. Notoungulates with 
teeth becoming hypsodont first appear in the Pa- 
leocene (Riochican, approximately 60 Ma). High- 
crowned Sudamerica Scillato-Yané & Pascual, a 
gondwanathere, is also recorded in the Riochican. 

From the Paleocene through most of the Tertiary 
the percentage of ungulates with higher-crowned 
teeth increased. The latest Eocene-early Oligocene 
Tinguiririca fauna of Chile (at least 31.5 Ma, pos- 
sibly extending to 37 Ma; Flynn & Swisher, 1995) 
is dominated by high-crowned herbivores (Wyss et 
al., 1993). Shockey (1997) reported that the no- 
toungulate Eomorphippus obscurus Ameghino from 
the Cañandón Blanco locality, Argentina, which he 
considers roughly the same age as the Tinguiririca 
fauna, has hypsodont teeth and a broad muzzle 
characteristic of grazers. 

By 27 Ma (Deseadan, late Oligocene; Kay et al., 
1997; MacFadden et al., 1985; Naeser et al., 1987), 
Pascualihippus boliviensis Shockey, another notoun- 
gulate with hypsodont teeth and a broad muzzle 
characteristic of grazers, was present at Salla, Bo- 


livia (Shockey, 1997). The environment of Salla has 


been interpreted as being semiarid because of the 
large percentage of species with high-crowned 
teeth. The Salla primate Branisella Hoffstetter has 
features similar to ground-dwelling monkeys. The 
oldest known argyrolagid (Proargyrolagus bolivi- 
anus Wolff) is from Salla (Sdnchez-Villagra & Kay, 
1997). It is similar to elephant shrews, but has 
higher-crowned teeth, suggesting that it included 
seeds or other plant material gathered on the 
ground in its diet. The nasal region of Proargyro- 
lagus is similar to that seen in desert heteromyid 
rodents. 

The diverse Miocene fauna from La Venta, Co- 
lombia (13.5—11.8 Ma; Madden et al., 1997), is re- 
viewed in Kay et al. (1997a). The site is located in 
what was at the time a Miocene peninsula in the 
equatorial tropics. Kay and Madden (1997) sum- 
marized the evidence for a forest environment, in- 
cluding the presence of a fish that exploits peri- 
odically flooded forest, forest reptiles and birds, 
diverse arboreal marsupials, sloths with climbing 
adaptations, mostly low-crowned ungulates, forest- 
dwelling bats, and arboreal monkeys. Five genera 
of primates are known from the Monkey Unit at La 
Venta, the number of sympatric genera today char- 
acteristic of neotropical forest receiving 1500-2000 
mm annual rainfall (Kay et al., 1997b; Fleagle et 
al., 1997). Of the approximately 80 species of mam- 
mals recorded, only one has been suggested to be 
a grazer, and that is the large and rather aberrant 
toxodontid notoungulate Pericotoxodon platignathus 
Madden (Madden, 1997). 

Ecological variation across the continent is in- 
dicated because ungulates at higher latitudes are 
in general more hypsodont than those at lower lat- 
itudes. Taken as a whole, middle to late Miocene 
diversity declined in most of South America, al- 
though hypsodont mammals seem to prevail. Ca- 
viomorph rodents, which are the only rodents oc- 
curring in South America until the Pliocene (3.5 
Ma; Jacobs & Lindsay, 1984; Baskin, 1986), have 
fundamentally lophodont and relatively high- 
crowned teeth, even among the early members of 
the group. Their first occurrence is in the Tingui- 
ririca fauna. During the Miocene their diversity in- 
creased, reaching a maximum in the late Miocene. 
The general trend in rodents was toward increased 
height of tooth crown and increased body size, some 
reaching exceptionally large size, and filling graz- 
ing niches (Simpson, 1980; Vucetich, 1984, 1986; 
Cifelli, 1985). After about 3 Ma, grazing horses and 
proboscideans entered South America via the Pan- 
amanian land bridge. 

The early and widespread development of hyp- 
sodonty in South American ungulates (compared to 
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North American ungulates) as a response to a diet 
of grass has long been debated (Patterson & Pas- 
cual, 1972; Simpson, 1980; Stebbins, 1981). The 
mammalian fossil record is consistent with the 
presence of a significant grass component through- 
out most of the Tertiary in South America. Grass 
sufficient to support true grazers was present in the 
west-central portion of the continent, and by exten- 
sion, at higher latitudes, by 27 Ma. By 31.5 Ma 
(minimum estimate), the Tinguiririca fauna may 
represent woodland or savanna grasslands as sug- 
gested by Flynn and Swisher (1995; see also Wyss 
et al., 1993). 


STABLE ISOTOPES 


Isotopic evidence for the spread of C, biomes in 
South America suggests a more complex transition 
to C, vegetation than seen in North America. An- 
alyses of the enamel of high- and low-crowned en- 
demic notoungulates and pyrotheres (another en- 
demic ungulate group), as well as immigrant taxa, 
from Oligocene to Pleistocene fossil localities in 
Bolivia indicate mixed C,/C, diets by about 10 Ma 
(MacFadden et al., 1994). Exclusively C, diets are 
not documented until the Pleistocene. Estimated 
paleoelevations for the middle to late Miocene Bo- 
livian sites are 1800 m or less. MacFadden et al. 
(1994) concluded that if C, grasses were wide- 
spread they would be detected isotopically. The 
high-crowned dentition of notoungulates from the 
site of Salla (27 Ma) are interpreted as grazing ad- 
aptations (see discussion of Pascualihippus boli- 
viensis above), suggesting that the C, dietary signal 
reflects the presence of C, grasses. 

Paleosol carbonate and fossil enamel from sedi- 
ments exposed in northwest Argentina indicate that 
although C, grasses were present as a dietary com- 
ponent by 7.6 Ma, C,-dominated habitats were not 
apparent in the local landscape until about 3.7 Ma 
(Latorre et al., 1997). Paleosol carbonates show a 
gradual increase in the C, component starting 7.3 
Ma with a sharp increase in C, biomass at about 
3.7 Ma, interpreted as indicating 70% C, cover. 

Carbon isotopic analyses of 65 fossil mammal 
tooth specimens from a number of low- to middle- 
elevation sites in Argentina ranging from late Oli- 
gocene to late Pleistocene also provide evidence for 
a late Miocene carbon shift (MacFadden et al., 
1996). Their data show that herbivore enamel sam- 
ples older than the Huayquerian SALMA (9-6.5 
Ma) exhibit exclusively C, dietary signatures. Dur- 
ing the Huayquerian, more positive 8°C values of 
mammalian enamel indicate mixed C,/C, in addi- 
tion to pure C, diets. Exclusively C, diets are first 


apparent in herbivores of Montehermosan age (6.5 
to 3.9 Ma). Preliminary analyses of the C com- 
position of high-crowned mammals younger than 8 
Ma collected from lowland sites spanning about 15° 
of latitude in Argentina and Bolivia indicate an iso- 
topic gradient proportional to latitude. Paleoenvi- 
ronmental reconstructions range from open C, 
grasslands at low-latitude sites (21° to 27°S) to 
mixed C, grassland/C, browse habitats at higher- 
latitude sites (~ 35°S). 


AFRICA 
SUMMARY 


The modern savannas and grasslands of Africa 
are among the best known in the world because of 
the spectacular mammalian communities associat- 
ed with them. A large portion of the African con- 
tinent consists of grass-dominated ecosystems (Fig. 
1). Semi-desert grassland occurs to the north and 
south of the Sahara. In central Africa, grassland 
savanna to woodland occurs north, south, and east 
of the equatorial forests. Grass-dominated environ- 
ments continue into southern Africa and are wide- 
spread except in the Namib and Kalahari deserts, 
the southeastern coastal forest zone, and the unique 
sclerophyllous shrub communities (fynbos) of the 
South African Cape (White, 1983). Highveld grass- 
land occurs on the high (1220-2150 m) plateau of 
the interior of South Africa. 

The earliest record of grass in Africa is the oc- 
currence of Monoporites annulatus in Paleocene 
pollen samples from Nigeria (Fig. 5). A core from 
coastal Cameroon and a Miocene to Pleistocene 
core from the Niger Delta document forest com- 
munities beginning in the Oligocene and expansion 
of grass-dominated communities beginning in the 
middle Miocene (Salard-Cheboldaeff, 1979, 1981; 
Morley & Richards, 1993). 

The macrofloral record in eastern Africa docu- 
ments a range of early to late Miocene environ- 
ments including woodland or wooded savanna and 
wet and dry forests (Chaney, 1933; Chesters, 1957; 
Hamilton, 1968; Yemane et al., 1985; Jacobs & 
Kabuye, 1987; Jacobs & Deino, 1996), consistent 
with paleosol isotopic signals indicative of mixed 
C,/C, environments (Kingston et al., 1994). Grass 
pollen and macrofossils occur at Fort Ternan, Ken- 
ya, dated at 13.9 to 14.0 Ma (Shipman et al., 1981), 
a site with a rich mammalian fauna consistent with 
a heterogeneous landscape. Abundant grass pollen 
in East African Pliocene samples indicates the 
presence of widespread grass-dominated environ- 
ments by that time (Bonnefille, 1995). 

The vertebrate record of the East African early 
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Adegoke et al (1978). 


Miocene indicates a variety of mixed habitats, giv- 
ing way to more open, but still mixed, environments 
by at least 15 Ma. A major change in the East 
African fauna occurs between 8.5 and 6.5 Ma (Hill, 
1995; Leakey et al., 1996), including the first in- 
troductions of high-crowned rabbits and porcu- 
pines, and significant turnover in hippos, giraffes, 
bovids, rhinos, and elephants. Rodents with high- 
crowned teeth in Namibia indicate more open con- 
ditions in southwestern Africa than in the eastern 


portion of the continent during the early part of the 
Miocene. Regional differentiation is also evident at 
approximately 5 Ma. 

Based on isotopic analyses of fossil herbivore 
enamel collected from the northern Kenya rift val- 
ley, a C, dietary component is evident by middle 
Miocene times (Morgan et al., 1994), but it is not 
until the late Miocene that there is evidence for 
significant intake of C, biomass. Paleosol data from 
the Tugen Hills also indicate that C, plants com- 
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prised a minor part of the local ecosystems by mid- 
dle Miocene times (Kingston et al., 1994). Inter- 
estingly, there is no unequivocal paleosol data from 
East Africa indicating C,-dominated ecosystems 
similar to the modern Serengeti grasslands until 
well into the Pliocene (Cerling, 1992; Kingston et 
al., 1994). 


PALEOBOTANY 


Africa has an interesting paleobotanical record 
derived from macrobotanical remains of leaves, 
fruits, seeds, and wood that provide a detailed view 
of local vegetation, marine cores that provide a 
large-scale view of vegetation change on land from 
pollen and cuticle transported out to sea, terrestrial 
pollen assemblages that sample at an intermediate 
scale between marine cores and macrobotanical 
sites, and indirect evidence of past vegetation 
change based on modern plant systematics and bio- 
geography. The marine cores provide data relevant 
to the origin of grass-dominated ecosystems in 
equatorial Africa because they are continuous over 
long time intervals and sample a broad region; mac- 
robotanical and terrestrial pollen sites reflect more 
local vegetation and are discontinuous through time 
and space. 

Monoporites annulatus pollen is first found in Af- 
rica in sediments of the Kerri-Kerri Formation of 
Nigeria. The taxonomic composition of this assem- 
blage was used to determine that the formation is 
Paleocene in age (Adegoke et al., 1978). 

Pollen contained in core sediments from coastal 
Cameroon document the presence of Monoporites 
annulatus pollen in early Eocene assemblages de- 
scribed as . une quantité relativement impor- 
tante de Monocotyledones (Gramineés et Palmiers) 
...” (Salard-Cheboldaeff, 1981: 412; 1979). The 
same pollen zone is identified in South America. 
Interestingly, grass pollen drops out of the African 
core record from the middle Oligocene to the early 
Miocene, the limit of the core (Salard-Cheboldaeff, 
1979). Concurrent with the disappearance of grass 
pollen is an increase in forest taxa diversity docu- 
menting the spread of lowland tropical vegetation 
in West Africa during the middle Tertiary (Salard- 
Cheboldaeff, 1981). 

A core from the Niger Delta beginning in the 


é 


early Miocene and continuing to the Holocene doc- 
uments changes in extent of West African savanna, 
and by inference, changes in aridity, based on grass 
pollen and charred grass cuticle assumed to be 
from a savanna environment (Morley & Richards, 
1993). Earliest Miocene sediments in the core con- 
tain about 2% grass pollen and no charred cuticle. 


The pollen percentage increases to about 10% and 
charred cuticle to about 2% by 16 Ma. With some 
variation, these relative percentages remain 15% or 
less until a hiatus between 11 and 8.5 Ma. After 
8.2 Ma both grass pollen and charred cuticle in- 
crease substantially. During the late Miocene grass 
pollen fluctuates between a few percent to just over 
50%. There are two late Miocene maxima of 
charred grass cuticle (25 to 30%) at about 7.5 and 
6.8 Ma. Grass pollen decreases markedly at the 
base of the early Pliocene but increases again 
around 4.5 Ma. Pleistocene relative percentages of 
grass pollen are over 40% with maxima approach- 
ing 60%. Charred cuticle does not exceed 20%. 
This record is interpreted as indicating an equable, 
wet climate during the early Miocene when little or 
no grass-dominated vegetation would have been 
present in West Africa. An expansion of grass cover 
is inferred for the middle Miocene (~ 16 Ma), but 
its extent is difficult to determine. The high per- 
centages of grass pollen and charred cuticle during 
the late Miocene indicate periods of marked aridity 
with strong seasonality of rainfall. Savanna extend- 
ed over most of the Niger Delta (Morley & Rich- 
ards, 1993). 

Deep Sea Drilling Program cores 363 and 362 
off the coast of Namibia document the development 
of upwelling associated with the Benguela Current, 
which today is responsible for dry air masses and 
Namibia’s arid climate (Siesser, 1978). On the basis 
of diatom productivity and sedimentation rates, 
cold upwelling was weak and sporadic from the late 
Oligocene to the middle Miocene, intensifying 
markedly around 10 Ma. Aridification of the Namib 
Desert may have begun at this time (Siesser, 1978), 
a hypothesis consistent with the Namibian verte- 
brate record. 

Plant macrofossils of Oligocene age from the Jeb- 
el Qatrani Formation, Fayum Depression, Egypt, 
have affinities with extant Indomalaysian and Af- 
rican taxa. The assemblage represents a forest on 
the southern shore of the Tethys (Bown et al., 
1982). The flora includes Cynometra L., a genus 
with several extant mangrove species. 

Pollen core samples from coastal Saudi Arabia 
are attributed to the early Miocene Dam or middle 
Miocene Hofuf formations, which are indistinguish- 
able in the subsurface (Whybrow & McClure, 
1981). One of five samples contains primarily ter- 
restrial pollen, including 68% grass and 26% non- 
forest taxa. The other four samples are dominated 
by pollen of aquatic vegetation and grasses. 
Together with fossil root casts identified as from 
mangrove plants in the Dam Formation, the assem- 
blages are interpreted as representing an inland sa- 
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vanna grassland and a coastal region with fresh- 
water marshes and mangrove vegetation. The 
rainfall regime is considered to have been seasonal, 
perhaps monsoonal (Whybrow & McClure, 1981). 
More recent examination of the same root casts 
(Whybrow et al., 1990) has revealed morphology 
with affinities to the family Fabaceae, which in- 
cludes plants adapted to a wide variety of environ- 
ments including coastal settings. 

Early Miocene plant macrofossil sites from East 
Africa preserve both wet and dry forest, and in 
some cases, woodland assemblages. Leaf and wood 
floras from the eastern and western Ethiopian Pla- 
teau include dry forest taxa having affinities with 
modern Central and West Africa (Lemoigne et al., 
1974; Lemoigne, 1978). Wood from Welkite, Ethi- 
opia, shows semi-diffuse porous wood, crystals in 
parenchyma cells, and evidence of fire trauma, in- 
dicating a seasonally dry environment (Lemoigne, 
1978). The Ethiopian sites are not dated radiomet- 
rically, but are considered early Miocene based on 
stratigraphic position and by comparison with other 
African Tertiary floras. 

Flowers, fruit, and leaves from Bukwa, Uganda, 
underlie a 22 Ma volcanic flow (Walker, 1968, 
1969; Brock & Macdonald, 1969). The assemblage 
has taxa with affinities to extant Ugandan forest 
trees such as Bersama abyssinica Fresen. (Melian- 
thaceae) and Cola cordifolia (Cav.) R. Br. (Stercu- 
liaceae, Hamilton, 1968). Another horizon at Buk- 
wa contains an autochthonous leaf bed consisting 
primarily of grasses not identified below the family 
level. However, rhizomes identified as Juncellus 
laevigatus (L.) C. B. Clarke demonstrate the pres- 
ence of an alkaline lake and indicate that the as- 
sociated grasses are near-shore or aquatic (Hamil- 
ton, 1968). 

The Bugishu flora of Uganda occurs in associa- 
tion with early Miocene volcanics of Mt. Elgon and 
contains leaves, fruit, and wood (Chaney, 1933). A 
total of 12 taxa comprise genera found today in dry 
forest or woodland. The ecology of modern relatives 
and the relatively small size of the leaves (when 
compared to Eocene leaves studied by Chaney) led 
to the conclusion that the flora represents savanna 
or savanna woodland with a dry season, although 
no grass fossils are reported from Bugishu (Chaney, 
1933). 

A small leaf flora from the Republic of Congo is 
considered middle Tertiary in age and is dominated 
by the monotypic palm genus Sclerosperma Mann 
& H. Wendland today found only in swampy areas 
of Central and West Africa (Lakhanpal, 1966). A 
wood assemblage from the Republic of Congo, as- 
sociated with early Miocene mammalian fossils, 


contains four Fabaceae and two Meliaceae species 
(Lakhanpal & Prakash, 1970). Nearest living rela- 
tives occur in wet or dry forests. Two of the fossils 
are related to genera having species that occur in 
woodlands today. 

The largest and most diverse assemblage of plant 
macrofossils from the early Miocene of equatorial 
Africa comes from Rusinga and Mfwangano islands, 
Lake Victoria, Kenya (Chesters, 1957). The age of 
the localities is 17.8 Ma (Drake et al., 1988). The 
flora contains several tree taxa found today primar- 
ily in wet forests of Central and West Africa. The 
abundance of lianas (half of the reported species) 
was taken by Chesters (1957) to indicate gallery 
forest, although the flora has been reinterpreted as 
indicating lowland wet forest (Andrews & Van Cou- 
vering, 1975). 

The middle Miocene paleobotanical record of 
Kenya is represented by Ft. Ternan in western Ken- 
ya, and Kabarsero, in central Kenya. The fauna of 
Ft. Ternan, dated at 13.9-14.0 Ma (Shipman et al., 
1981), has been studied extensively. A pollen as- 
semblage is dominated by grass pollen (54%), with 
the remainder of the spectrum being aquatic and 
montane species (Bonnefille, 1984). The pollen of 
montane species are interpreted to have come from 
nearby volcanic highlands, while the local vegeta- 
tion was an open woodland. An autochthonous as- 
semblage of grass blades preserved in volcaniclas- 
tic sediment has been interpreted as representing 
Africa’s earliest wooded grassland flora and com- 
pared with the modern Serengeti (Retallack et al., 
1990; Dugas & Retallack, 1993), which is popu- 
lated currently by C, grass species. Ft. Ternan grass 
specimens were assigned to five extinct species in 
three extant genera, two of which are C,, and one 
of which is C, today (Dugas & Retallack, 1993). 
Carbon isotope studies of paleosols at Ft. Ternan 
document a strong C, signal, which indicates a mi- 
nor role at best for C, grasses (Cerling et al., 1991, 
1997a). This discrepancy between a paleoenviron- 
ment consisting of widespread C, grasses (as inter- 
preted based on the grass fossils), and the C, car- 
bon isotope signal may indicate that the fossil 
grasses were not C, photosynthesizers (but some 
possessed epidermal morphology similar to living 
C, species), or that C, species were uncommon in 
the plant community and had little or no effect on 
the isotope signal. Given that the fossil-bearing ex- 
posures at Ft. Ternan are limited to < 200-300 m’, 
the aerial extent of this past community is not 
known; thus, the scale implied by use of the Ser- 
engeti as a modern analogue may be inappropriate. 

The Tugen Hills, a mountain range within the 
eastern rift in central Kenya, contains fossiliferous 
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sediments that range in age from 16 Ma to the pres- 
ent. Fossil plant localities occur at 12.6, about 9.0, 
and 6.8 Ma. The oldest, Kabarsero, is an autoch- 
thonous assemblage of leaves, twigs, and fruit from 
a moist forest with taxonomic affinities to Central 
and West Africa (Jacobs & Kabuye, 1987, 1989; 
Jacobs & Winkler, 1992; Jacobs & Deino, 1996). 
Waril (~ 9 Ma) contains a lacustrine assemblage of 
seasonally dry vegetation similar to that found as- 
sociated with wooded savanna today; however, no 
grass fossils are known from this assemblage. 

The late Miocene Kapturo site (6.8 Ma) consists 
of an assemblage of leaves of deciduous woodland 
or dry forest taxa (Jacobs & Deino, 1996), but no 
grass has yet been found. An approximately con- 
temporaneous site from about 10 km to the south- 
east of Kapturo, the Mpesida forest, preserves 
abundant fossil wood in volcanic matrix. Prelimi- 
nary identifications indicate affinities with Central 
and West African forest taxa, some species of which 
occur in montane settings today. 

A sequence of lacustrine pollen samples from the 
Chilga region of the Ethiopian Plateau overlies a 
volcanic unit dated at 8 Ma (Yemane et al., 1985). 
The assemblages contain abundant wet lowland for- 
est taxa with affinities to extant Central and West 
African flora. Grass pollen grains, present in some 
of the 46 spectra, occur in low percentages when 
compared with modern East African savanna soils 
and never exceed 27%. 

Pollen samples from a variety of East African 
Pliocene localities consistently contain high per- 
centages (> 50%) of grass pollen (Bonnefille, 
1995), indicating a background of widespread 
grass-dominated environments. Changes in the 
amount and composition of relatively less abundant 
arboreal pollen indicate variations in the extent of 
woodland and forest vegetation (Bonnefille, 1995, 
and references therein). 

Biogeographic analyses of extant equatorial Af- 
rican plants and animals document disjunctions be- 
tween the coastal forests of East Africa and those 
of Central and West Africa. Because disjunctions 
occur at more than one taxonomic level in plant 
families (Faden, 1974), butterflies (Carcasson, 
1964), and birds (Moreau, 1966), more than one 
period of isolation between the forests of East and 
Central Africa is likely. Faden (1974) postulated 
that the initial biogeographic isolation of the two 
regions took place during the middle Miocene when 
a nearly continuous equatorial forest belt is thought 
to have been replaced in East Africa by more xeric 
plant communities such as those found between for- 
est remnants today (see also Carcasson, 1964; An- 
drews & Van Couvering, 1975; Axelrod & Raven, 


1978). However, the variety of environments now 
known from the Miocene of the rift valley do not 
support a simple unidirectional breakup of contin- 
uous forest in the middle Miocene. Rather, a more 
heterogeneous landscape is likely throughout the 
Miocene in both time and space. 

Paleogene and early Neogene plant fossils are 
uncommon in South Africa. Chronological control 
is especially difficult. Nevertheless, probable early 
Miocene pollen and macrofossil localities are in- 
terpreted as indicating subtropical woodland with 
swamps for the southwestern Cape, and subhumid 
subtropical woodland for northwest South Africa 
(Scott, 1995). Aridification of these regions is as- 
sociated with the intensification of the Benguela 
Current in the early late Miocene (Coetzee, 1978; 
Scott, 1995). 


PALEOFAUNA 


The Tertiary vertebrate record of Africa (includ- 
ing the Arabian Peninsula) is sporadic and discon- 
tinuous (Winkler & Jacobs, 1993). Paleogene lo- 
calities are concentrated in the far north with only 
one locality of early Oligocene age found south of 
the Equator (in Angola, Rasmussen et al., 1992), 
and its composition is consistent with localities far- 
ther to the north. At least 23 mammalian species, 
including the primate Altiatlasius Sigé, Jaeger, Sud- 
re & Vianey-Liaud, are known from the Late Pa- 
leocene of the Ouarzazate Basin, Morocco (Sigé et 
al., 1990; Gheerbrant, 1992, 1994, 1995). The fau- 
na includes endemic taxa but shows affinities with 
Europe and North America. All of the specimens 
are small, suggesting to Gheerbrant (1995) that the 
fauna was hydrologically sorted and biased against 
large specimens. Marsupials, elephant shrews, pri- 
mates, and hyracoids, as well as endemic rodents 
and other taxa occur in Eocene faunas (Rasmussen 
et al., 1992; Court, 1993a). 

The best known and most diverse African Paleo- 
gene fauna is that of the Jebel Qatrani Formation 
of the Fayum Depression, Egypt, constrained by a 
radiometric age of 31 Ma on an overlying basalt 
(Fleagle et al., 1986; Bown & Kraus, 1988). The 
Jebel Qatrani Formation spans the Eocene-Oligo- 
cene boundary and produces fossils of both late 
Eocene and early Oligocene age (Van Couvering & 
Harris, 1991; Rasmussen et al., 1992). At least 43 
mammalian genera are known, including marsupi- 
als, pangolins, ptolemaiids, elephant shrews, pri- 
mates, rodents, carnivorans, hyracoids, anthracoth- 
eres, and (Van 
Couvering & Harris, 1991; for species, see Bown 
et al., 1982, who listed 70 mammalian species plus 


proboscideans, arsinotheres 
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over 20 species of other vertebrates). Within this 
suite, primates, hyracoids, and rodents are partic- 
ularly diverse. The environment of the Jebel Qat- 
rani Formation has been studied from a number of 
perspectives and appears to represent mangrove 
swamps near the coast, giving way to forest. This 
is consistent with the diversity of arboreal primates 
and other taxa. 

The recent analysis of the postcranial skeleton 
of Arsinotherium Beadnell by Court (1993b) is in- 
teresting because of the large size and heavy dental 
wear of this taxon, which was previously interpreted 
as indicating arid savanna. However, Court (1993b) 
showed that the hindlimbs and pelvic girdle were 
weak in comparison to other large terrestrial mam- 
mals, that the forelimbs were capable of movement 
consistent with propelling the body forward in sub- 
aqueous locomotion, and that the limbs were gra- 
viportal with spreading feet. Arsinotherium was not 
built for prolonged terrestrial locomotion, but rather 
lived much of its life in water, moving by antebra- 
chial extension and brachial retraction, its hind 
legs trailing behind. Its locomotion on land was not 
ambulant, but a slow rolling progression over soft 
wet substrates. Furthermore, the dentition may in- 
dicate a specialized method of browsing not rep- 
resented among modern herbivores (Court, 1992; 
Janis, 1995). 

The early Miocene in western Kenya is well 
known from such sites as Meswa Bridge, Mteitei 
Valley, Koru, Legetet, Chamtwara, Songhor, Mfwan- 
gano, and those on Rusinga Island, ranging in age 
from ~ 23 Ma to ~ 17 Ma. The faunas from these 
sites are not uniform, but all appear to represent 
forested environments based on mammalian com- 
munity structure and indicator species (Andrews & 
Van Couvering, 1975; Van Couvering & Van Cou- 
vering, 1976; Andrews et al., 1979; Evans et al., 
1981; Drake et al., 1988; Savage, 1989). The fau- 
nas are characterized by the presence of diverse 
primates, scaly-tailed flying squirrels, and various 
other rodents, tenrecids (Jacobs et al., 1987), ele- 
phant shrews (including the earliest record of the 
extant genus Rhynchocyon Peters (Novacek, 1984), 
tragulids, and other taxa. 

Forest faunas characterize the beginning of the 
middle Miocene as well, although early middle 
Miocene faunas are not homogeneous and vary from 
site to site (Hill et al., 1991; Winkler, 1992). By 
14.7 Ma (Feibel & Brown, 1991), the fauna from 
Maboko, with its relative abundance of the brows- 
ing artiodactyl Climacoceras MacInnes, reduction 
in the number of forest species, relatively abundant 
monkeys, and derived rodents, suggests woodland 


(Andrews et al., 1981; Evans et al., 1981; Winkler, 
1997, 1998). 

The middle Miocene site of Fort Ternan (13.9- 
14.0 Ma, Shipman et al., 1981) is important be- 
cause it has a diverse fauna of approximately 48 
species, including primates. Its environmental in- 
terpretation has become central to the issue of east 
African forests opening up into grass-dominated 
ecosystems (see Andrews & Evans, 1979; Evans et 
al., 1981; Kappelman, 1991; Shipman, 1986). Most 
recently, tooth microwear in the giraffid Palaeotra- 
gus primaevus Churcher and the bovids Kipsigicerus 
labidotus Thomas and Ojioceros tanyceras Gentry 
from Fort Ternan was examined (Cerling et al., 
1997a). Kipsigicerus labidotus and O. tanyceras are 
the two most common species in the fauna. Muzzle 
shape in Palaeotragus Gaudry and Kipsigicerus 
Thomas was also evaluated. Results indicate that 
Palaeotragus and Oioceros Gaillard were browsers, 
although Oioceros may have had habits similar to 
that of the common waterbuck, an extant species 
atypical in being adapted to grazing near water- 
logged habitats. Kipsigicerus was a mixed-feeder, 
meaning that it would both browse and graze. Thus, 
grass may have made up part of the diet in Otoceros 
and Kipsigicerus at Fort Ternan (Cerling et al., 
1997a), a conclusion consistent with the interpre- 
tations of Shipman (1986) and Shipman et al. 
(1981). 

The sequence of middle Miocene localities in the 
Baringo Basin, Kenya, provides a well-calibrated, 
if sporadic, record between ~ 13 Ma and 6 Ma, 
which documents a number of significant faunal 
changes. Hipparionine horses first occur in the Bar- 
ingo sequence at Ngeringerowa (Hill et al., 1985), 
considered to range in age from 9.5 to 8.5 Ma (Hill, 
1995), consistent with the age suggested by Flynn 
and Sabatier (1984) based on the relationships of 
rhizomyid rodents. The Ngeringerowa record of hip- 
parionines is younger than the accepted date of 
10.5 Ma for the Chorora Formation of Ethiopia, 
which contains both hipparionines and murine ro- 
dents (Jacobs, 1985; Winkler, 1994). In North Af- 
rica, the first record of hipparionines and the mu- 
rine Progonomys is at Bou Hanifia, Algeria, which 
Woodburne et al. (1996) suggested may be as young 
as 9.5 Ma, although its lower age limit is set by an 
underlying radiometric date of approximately 12 
Ma. The significance of murine rodents is that, from 
their introduction into Africa in the middle Mio- 
cene to the present day, they have generated a cur- 
rent diversity of over 100 species, and they are the 
most abundant group of rodents inhabiting African 
grass-dominated ecosystems. Their evolutionary 
history in Africa is closely tied to the development 
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of those ecosystems, even to the extent that in the 
modern Serengeti grasses as food resources are par- 
titioned between ungulates and the African grass 
rat (Arvicanthus niloticus Lesson), a murine (Sen- 
zota, 1983). Nevertheless, in the fossil record, the 
faunas of the Baringo Basin do not indicate the 
clear and consistent presence of a grass-dominated 
ecosystem throughout the middle Miocene. 

In the late Miocene an important faunal change 
is recorded in the Mpesida Beds of Baringo (~ 6 
Ma) and farther north at Lothagam (< 7.9 Ma) with 
the introduction of porcupines, rabbits, and with 
turnover in hippos, giraffes, bovids, rhinos, and el- 
ephants (Leakey et al., 1996). The fauna has sig- 
nificant woodland elements (Cifelli et al., 1986; 
Leakey et al., 1996), but it also heralds the advent 
of a major bovid radiation in Africa (Vrba, 1995). 
Throughout the Miocene, the general impression of 
environments derived from fossil vertebrates ranges 
from forest to woodland, with a trend from more 
forested to more open environments. There is no 
strong evidence of Serengeti-style grasslands in 
eastern Africa during the Miocene. 

The Miocene record from southern Africa is 
sparse, but several localities in southern Namibia 
are generally similar to those of eastern Africa 
(Hendey, 1978). However, more open environments 
than those of the early Miocene in eastern Africa 
may be indicated especially by the rodents, which 
include more hypsodont species than their east Af- 
rican counterparts (Flynn et al., 1983; Winkler, 
1994), and in the dearth of arboreal primates in 
southern Africa. The younger locality of Arrisdrift 
is correlated with Maboko (Hendey, 1978), sug- 
gesting a middle Miocene age of approximately 15 
Ma. The fauna includes suids, selenodont artiodac- 
tyls, an ochotonid, and other elements consistent 
with a riparian woodland. Given the early and mid- 
dle Miocene faunal record of southern Namibia, the 
inception of the Namib desert postdates the middle 
Miocene. The fauna of Langebaanweg in the Cape 
Province of South Africa (not in the Namib Desert) 
is probably between 5 and 4 Ma and includes the 
earliest record of groove-toothed rats of the grass- 
eating muroid subfamily Otomyinae (Pocock, 1976; 
Jacobs. 1985), which, along with other taxa and 
evidence of fires, suggests an open environment in 
southern Africa at that time (Hendy, 1982). 


STABLE ISOTOPES 


Isotopic data relevant to the development of 
grass-dominated ecosystems in Africa are derived 
primarily from middle Miocene to Pliocene sites in 
the rift valleys of northern and western Kenya as 


well as Tanzania. As discussed earlier, the site of 
Ft. Ternan (13.9 to 14.0 Ma) in western Kenya has 
been the focus of a number of paleoecological stud- 
ies. Interest in Fort Ternan was originally largely 
generated by the interpretation that specimens of 
Kenyapithecus Leakey recovered from the locality 
were central to understanding the evolution of hom- 
inids (Leakey, 1967; Simons, 1963). As Kenyapt- 
thecus was considered to be a hominid, there fol- 
lowed the implication of bipedality, which 
characterizes the family, and therefore of grass- 
lands, in which bipedality was hypothesized to have 
evolved. 

Despite the interpretation of some plant macro- 
fossils at the site as C, grasses (Dugas & Retallack, 
1993), carbon isotopic analysis of paleosol carbon- 
ate and associated organic matter did not yield iso- 
topic values consistent with C, vegetation (Cerling 
et al., 1991). Isotopic values were so depleted that 
Cerling et al. (1991) speculated that closed canopy 
conditions may have prevailed during formation of 
the paleosols. Subsequent analyses of fossil herbi- 
vore enamel from Fort Ternan indicated diets com- 
prised of essentially pure C, plants (Cerling et al., 
1997a). 

Based on existing isotopic data at the time, Cer- 
ling (1992) concluded from analyses of paleosol 
carbonates collected from a number of hominid lo- 
calities in Kenya and Tanzania that the proportion 
of C, biomass in East African ecosystems increased 
gradually over the last 10 Ma, culminating in pure 
C, savanna grasslands during the middle Pleisto- 
cene. He noted that the earliest evidence for C, 
plants was from paleosol carbonates collected from 
Ngeringerowa (9.4 Ma), in the Tugen Hills, which 
yielded isotopic values indicating ~ 20% C, bio- 
mass. 

An isotopic study focusing on paleosol carbon- 
ates and associated organic matter from the Tugen 
Hills succession in the Kenya rift valley indicates 
that heterogeneous mixed C,/C, habitats character- 
ized this portion of the rift valley over the last 15.5 
myr (Kingston et al., 1994). These isotopic data re- 
cord habitats with predominantly C, vegetation (on 
average > 65%) and suggest that C, grasses at no 
time dominated this portion of the rift valley during 
the Neogene. Associated paleosol organic matter 
from the Tugen Hills indicate a minor C, compo- 
nent until sometime between 8.5 and 6.5 Ma when 
there is an increase in paleosols yielding C, organic 
components. The carbon isotopic composition of 
fossil herbivore enamel from the Tugen Hills sug- 
gests that C, grasses were a minor dietary compo- 
nent at 15.3 Ma, but that there was a significant 
shift to a reliance on C, plants in addition to C, 
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vegetation as a primary dietary resource sometime 
between 8.5 and 6.5 Ma (Kingston, 1992; Morgan 
et al., 1994). 

Preliminary studies of the carbon isotopic com- 
position in mammalian tooth enamel from Lotha- 
gam (~ 7.9 to 3.7 Ma) and the somewhat older 
Namurungule Formation in the Samburu Hills of 
Kenya indicate mixed C,/C, and exclusive C, diets 
throughout these horizons (Leakey et al., 1996). 
Published data relating to the chronology of the Na- 
murungule Formation is limited, but radiometric 
dates on bracketing lavas (Matsuda et al., 1984) 
indicate that the sediments are between 13 and 7 
Ma. A fossiliferous horizon within the Namurungule 
Formation, which has yielded a hominoid maxilla, 
has been dated to 9.5 Ma (Sawada et al., 1997, 
1998), but the stratigraphic position of analyzed 
enamel relative to the dated horizon is unknown. 
Cerling et al. (1997b) interpreted tooth enamel car- 
bon isotope data from sites in western Kenya, the 
Turkana basin, the Baringo Basin, and the Suguta 
depression as indicating a shift from C,-dominated 
to C,-dominated diet in equids and elephantids be- 
tween ~ 8 and 7 Ma. 

Stable carbon isotopic values of paleosol carbon- 
ate collected from the upper Baynunah Formation 
in Abu Dhabi (8—6 Ma) record the presence of both 
C, and C, vegetation at the time during which the 
soils formed (Kingston, in press). Lateral variability 
in the C of pedogenic carbonate implies a het- 
erogeneous environment, roughly analogous to what 
would be expected in a modern grassy woodland 
habitat. None of the paleosol carbonates analyzed 
yielded 8'°C values indicative of open grassland. 
While an analysis of 34 Baynunah enamel speci- 
mens representing five herbivore families indicates 
that both C, and C, plants were available for con- 
sumption, there appears to be a heavy reliance on 
C, grasses with a significant number of taxa falling 
within the isotopic niche occupied by committed 
grazers. The interpretation is that the paleosol car- 
bonates formed in more wooded environments 
flanking a river system, while many of the herbi- 
vores grazed in more open grassland or wooded 
grassland distal to the channel. 

Analyses of terrestrial fauna, flora, and lithofa- 
cies from a limited number of Tertiary sites in the 
Arabian Peninsula (summarized in Kingston & 
Hill, in press) suggest that this region may have 
supported forested habitats in the Eocene and Olig- 
ocene. Paleoenvironmental data from early to mid- 
dle Miocene sequences in eastern Saudi Arabia and 
part of western Abu Dhabi indicate more open hab- 
itats with limited closed habitat areas, possibly 
along river or lake margins. 


AUSTRALIA 
SUMMARY 


The continent of Australia covers a wide latitu- 
dinal range from about 38°S to 11°S, with climates 
supporting tropical, subtropical, arid, and temper- 
ate vegetation. The interior is vast, and grass-dom- 
inated environments are widespread, covering a 
large area of the continent (Fig. 1). Savanna wood- 
land and low tree and shrub savannas range across 
the central portion of the continent, except in the 
most interior region, which is desert (Cole, 1986). 
Savanna variants also occur in the northern and 
northeastern part of the country. 

The earliest record of grass from Australia is in 
a middle Eocene pollen flora from the western part 
of the continent (Frakes & Vickers-Rich, 1991; Fig. 
6). In southern Australia, around the Eocene-Oli- 
gocene transition, there is a decline in species rich- 
ness among forest pollen taxa, possibly indicating 
cooling climate (Kemp, 1978; MacPhail et al., 
1994). A major change in vegetation takes place 
beginning around 14 Ma when samples show an 
increase in charcoal and Asteraceae pollen with 
minor increases in grass, indicating a change to 
drier, more open, sclerophyll forest (Martin, 1990a). 
In eastern Australia, at approximately 4.5 Ma there 
is a brief resurgence of closed, wet forest followed 
by an abundance of grass, other herbaceous pollen, 
and charcoal, indicating open grass-dominated en- 
vironments (Martin, 1981, 1990a; MacPhail, 1996). 

The paleofauna of Australia is unique, dominat- 
ed by marsupials, and lacks placental ungulates. 
Faunas prior to the middle Miocene are interpreted 
as representing forested environments. During the 
middle Miocene, familial and generic diversity de- 
creases, and by the late Miocene hypsodont wom- 
bats are present. Arboreally adapted species de- 
the grazing 
kangaroos are present by the early Pliocene. 

There are no relevant stable carbon isotope data 
from Australia. 


cline throughout Miocene, and 


PALEOBOTANY 


Australian pollen floras, particularly from the 
eastern and southern parts of the continent, provide 
a regional sample of vegetation change throughout 
the Tertiary. Macrofossil assemblages are uncom- 
mon except in the Eocene (Christophel, 1981; 
Greenwood, 1994). As a result of the uneven geo- 
graphic distribution of paleobotanical sites, vege- 
tation history for the arid interior region of the con- 
tinent is relatively poorly known. 

Eocene macro- and microfloras are uniformly in- 
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i Grass dominated woodlands and savannas (1) 


$ Grazing kangaroos (7,8,9) 


@ Large diprotodontids and dromornithid birds, Alcoota fauna (7,8,9) 


Decline in higher level taxonomic diversity (7,8,9) 


@ Hypsodont wombats and age crowned kangaroos 
System C, Riversleigh (7,8,9) 


First appearance 
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Summary of paleobotanical, paleofaunal, and isotopic evidence for the origin of grass-dominated ecosys- 


tems in Australia. Symbols as in Figures 2 and 5. Sources: (1) Martin (1994), (2) MacPhail (1994), (3) Archer et al. 
(1995), (4) Kemp (1978), (5) Martin (1990a), (6) Locker & Martini (1986), (7) Archer et al. (1994a), (8) Archer et al. 


(1994b), (9) Archer et al. (1995), 


dicative of tropical or closed forest (Kemp, 1978). 
The hallmark of Australian palynofloras from the 
late Eocene through the middle Miocene is the 
presence of Nothofagus pollen, most significantly, 
Nothofagus subg. Brassospora Philipson & Philip- 
son [formerly, N. brassii-type, a fossil taxon with 
extant species in New Guinea, New Caledonia, and 
the New Hebrides (Martin, 1981; Kershaw et al., 
1994)]. Nothofagus subg. Brassospora pollen be- 
comes abundant in the late Eocene and indicates 
cool, rainforest vegetation (Kemp, 1978; Martin, 
1990a; Archer et al., 1995). Diversity decline in 
southern Australia between the middle and late Eo- 


cene may indicate cooling (Kemp, 1978), and the 
spread of Nothofagus subg. Brassospora is taken to 
indicate a change from megathermal rainforest in 
the early Eocene to mesothermal rainforest in the 
middle to late Eocene (MacPhail et al., 1994). Ear- 
ly to late middle Eocene southern Australian plant 
macrofossils also indicate forest conditions, but 
document local floristic variations in space and 
time not clearly evident from pollen assemblages 
(Christophel, 1981, 1994, 1995; Greenwood, 1994). 

Oligocene to early Miocene macrofossils from 
Tasmania document the presence of rainforest con- 
taining Podocarpaceae, Nothofagus spp., Protea- 
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ceae spp., and other diverse angiosperms. Affinities 
lie with the lower montane rainforests of New Guin- 
ea and northernmost montane forests of New South 
Wales (Carpenter et al., 1994). Oligocene palyno- 
floras are restricted to the southeastern margin of 
the continent and Tasmania. They indicate lower 
diversity than Eocene floras and further cooling in 
southern Australia at the Eocene-Oligocene tran- 
sition (MacPhail et al., 1994). Coal and some forest 
taxa indicate wet conditions, although probably not 
as wet as the Eocene (Kemp, 1978; Greenwood, 
1994; Archer et al., 1995). Physiognomically, Oli- 
gocene plant macrofloras show evidence of environ- 
ments drier than the Eocene by the presence of 
smaller, sclerophyllous leaves (Christophel, 1995). 
In addition, the mesic indicators of the Eocene are 
replaced in Oligocene to Miocene macrofloras by 
such taxa as Eucalyptus LHér., Banksia L. f. (Pro- 
teaceae), Allocasuarina L. Johnson, and Casuarina, 
which have extant relatives in drier environments 
(Christophel, 1995). Grass pollen is present in 
western Australia by the late middle Eocene (~ 40 
Ma, Frakes & Vickers-Rich, 1991, and references 
therein) but is extremely rare until at least the early 
Miocene, when it is present in small amounts, con- 
stituting not more than approximately 10% of as- 
semblages at inland sites in eastern Australia (Ker- 
shaw et al., 1994). 

A palynoflora from the late Oligocene to early 
Miocene Namba Formation in central Australia was 
originally reported to contain abundant grass pollen 
and interpreted as an open, grass-dominated envi- 
ronment (Callen & Tedford, 1976; discussed in Ar- 
cher et al., 1995). In a reanalysis, Martin (1990b) 
discovered that much of the grass-like pollen is in 
the family Restionaceae rather than Poaceae. Also 
present in the assemblages were algae (Botryococ- 
cus Kiitzing and Pediastrum Meyen), Cyperaceae, 
and Sparganiaceae, all indicators of a wetland en- 
vironment and leading to the conclusion that the 
site was a marsh. Napperby and Hale River from 
the arid interior of Australia are tentatively dated 
to middle Eocene on the basis of palynological in- 
dicator fossils (Truswell & Harris, 1982). Both pol- 
len floras contain taxa not usually found until the 
Neogene, including Cyperaceae, Callitris Vent., and 
Micrantheum Desf. at Napperby, and as much as 
2% grass pollen at Hale River. The remainder of 
the pollen assemblages have more typical arboreal 
taxa, such as Nothofagus. subg. Brassospora, Po- 
docarpus LĽHér. ex Pers., and Casuarina (Truswell 
& Harris, 1982). The vegetation reconstruction is 
forest with grass growing in small clearings (Tru- 
swell & Harris, 1982). Paleogene pollen assem- 
blages of New Zealand compare favorably with veg- 


etation reconstructions for southern Australia 
including the dominance of Nothofagus subg. Bras- 
sospora from the latest Eocene to early Miocene 
(Pocknall, 1989, 1990). 

A major change in pollen floras occurs in the 
middle to late Miocene, beginning about 13 Ma, 
and documented primarily in southeastern Austra- 
lia. Nothofagus subg. Brassospora disappears, Myr- 
taceae increase (including both dry and wet-adapt- 
ed Eucalyptus and other rainforest taxa in this 
family), and grass and Asteraceae pollen occur in 
low percentages (Martin, 1990a; Kershaw et al., 
1994). At the same time, the occurrence of charcoal 
in pollen samples begins to increase. Marine rec- 
ords document the first appearance of grass phy- 
toliths at 14.4 Ma (Locker & Martini, 1986; Martin, 
1990a). The changes in pollen and charcoal indi- 
cate tall, open, wet sclerophyll forest where euca- 
lypts form the canopy and rainforest taxa grow in 
the understory (Martin, 1990a; Kershaw et al., 
1994). The change to drier sclerophyll forest during 
the middle to late Miocene in southeastern Austra- 
lia indicates increased provincialism among plant 
communities. Although there is some evidence for 
differences among regional floras during the early 
Tertiary, by the middle to late Miocene increasing 
aridity resulted in greater distinctions between 
northern wet, interior dry, and southern cool wet 
regions (Martin, 1990a; Christophel, 1995). 

At about 4.5 Ma, a short-lived resurgence of 
rainforest taxa (including Nothofagus spp. other 
than Nothofagus. subg. Brassospora) is indicated in 
pollen records of the southeast (MacPhail, 1996). 
After this, a substantial increase in the relative per- 
centages of Asteraceae and Poaceae pollen con- 
comitant with high charcoal counts and a dramatic 
increase in grass phytoliths in marine cores indi- 
cate a change to open woodlands, savannas, and 
grasslands (Locker & Martini, 1986; Martin, 1981, 
1990a). 


PALEOFAUNA 


The sporadic fossil mammal record of Australia, 
much of which is only loosely constrained tempo- 
rally, is summarized in Archer et al. (1994a, b, 
1995), Vickers-Rich et al. (1991), and Woodburne 
et al. (1994). Due to its long zoogeographic isola- 
tion, the composition of its Cretaceous and early 
Tertiary mammal fauna, and the dynamics among 
the early Tertiary fauna as the continent assumed 
its rigid isolation, Australia has a distinct marsu- 
pial-dominated fauna, lacking placental ungulates 
except those introduced by humans for agricultural 
purposes. Browsing and grazing roles throughout 
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the Tertiary, played most conspicuously by ungu- 
lates on other continents, are filled mostly by larger 
kangaroos and wombats in Australia. The dental 
and skeletal modifications of these marsupials are 
different from those of placental ungulates; thus, 
the criteria used in interpreting environmental 
structure from morphology are somewhat different. 
Studies of morphology and diet with respect to Aus- 
tralian herbivores and functional similarities be- 
tween kangaroos and ungulates include Janis 
(1990a, b), Sanson (1989, 1991), and Wright et al. 
(1991). The development of high-crowned teeth re- 
mains a reliable indicator of abrasive diet, often 
associated with a diet of grass. However, Janis 
(1990a) determined that most functional differences 
in teeth and skulls between kangaroos and ungu- 
lates are related to food handling and tooth occlu- 
sion. Moreover, Janis (1988) suggested that large 
kangaroos without markedly hypsodont teeth, but 
with other dental adaptations (Janis, 1990c), might 
facilitate feeding by selecting and manipulating 
food with their forelimbs, discarding grit and dust 
before ingestion. 

Prior to the late Oligocene, the mammalian fauna 
is poorly known. The Eocene Tingamarra fauna 
(Godthelp et al., 1992; see Woodburne & Case, 
1996, for a discussion of problems with the dating) 
contains about a dozen taxa of mammals recovered 
with frogs, turtles, crocodiles, and birds. All of the 
mammals are small and none appears to exhibit 
folivorous or other herbivorous adaptations. The lo- 
cality is interpreted as representing a swamp or 
shallow lake. The record becomes better in the late 
Oligocene and early Miocene, with faunas best 


known from South Australia where chronology of 


the earlier faunas is constrained by paleomagnetic 
stratigraphy (Woodburne et al., 1994), and from the 
Riversleigh area (the Low Lyon fauna and others in 
stratigraphically designated systems A and B) in 
Queensland, farther to the north. As summarized 
by Archer et al. (1995), the South Australia sites 
(Ditjimanka, Ngapakaldi, and Ngama of the Eta- 
dunna Formation) produce a mammalian fauna less 
diverse than correlated faunas from Riversleigh. 
The interpretation is that of a relatively open, wet 
forest community. The overlying Kutjamarpu fauna 
has some taxonomic similarity to system B and C 
faunas from Riversleigh. None of the South Austra- 
lia sites is interpreted as having significant grass- 
land habitat. At Riversleigh, faunas are more di- 
verse and are interpreted to represent rainforest 
communities. No high-crowned grazers are known 
from the early Miocene, although there are terres- 
trial browsers (macropodids and diprotodontids), as 


well as arboreal folivores, frugivores, and omni- 
vores. 

Middle Miocene faunas from Australia include 
the Bullock Creek fauna in the Northern Territory 
and those from System C (Dwornamor, Ringtail, 
Henk’s Hollow) in the Riversleigh area, where there 
is a reduction in mammalian families and genera 
and turnover in species between System B and Sys- 
tem C. Herbivorous mammals are abundant, sug- 
gesting the presence of rainforest, but not open for- 
ests. The presence of frog species whose modern 
relatives produce bubble nests suggests that the 
temperature remained below 20°C, when such nests 
would be utilized. Within the lower portion of Sys- 
tem C, generic diversity in arboreal pseudocheirid 
possums declines. In the upper levels of System C, 
rainforest frogs are rare. Wombats of System B are 
low crowned. In contrast, only hypsodont wombats 
are present in most of System C assemblages. At 
the Encore Site, from the uppermost System C (late 
Miocene or possibly late middle Miocene), only 
rootless (hypselodont) wombats are present. 

The Bullock Creek fauna of the Northern Terri- 
tory has relatively fewer arboreal species, and it is 
dominated by a large species of the diprotodontid 
Neohelos Stirton, which also occurs in upper Sys- 
tem C at Riversleigh. The genus Neohelos shows an 
increase in size through the Miocene. A rare, rel- 
atively high-crowned kangaroo is the only evidence 
of grazing, although abundant terrestrial browsers 
and reduced arboreal species are consistent with a 
more open habitat than that at Riversleigh. 

The Alcoota fauna of the late Miocene (perhaps 
7-8 Ma) in the Northern Territory is dominated by 
large diprotodontids and dromornithid birds, such 
as Dromornis stirtoni Rich, one of the largest known 
birds in the world. Arboreal mammals are extreme- 
ly scarce. Macropodids and diprotodontids have 
dentitions suggestive of browsing. The Northern 
Territory site of Ongeva is younger, possibly 5—6 
Ma, but is similar to the Alcoota. The mammalian 
fossil record of the Pliocene suggests further de- 
crease in forested area and aridification of the cen- 
tral portion of the continent. 

Australia’s unique dry country fauna, derived 
from equally curious endemic rainforest antece- 
dents (without the addition of ungulates from other 
continents), is known as the “Green Cradle Con- 
cept” (Archer et al., 1994b). The decline in species 
with arboreal adaptation and the increase in spe- 
cies adapted to more open habitats occurred 
through the Miocene, with the early Pliocene and 
younger times being characterized by grazing kan- 
garoos. 
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DISCUSSION AND CONCLUSIONS 


At the outset of this review we posed three fun- 
damental questions: When do grass-dominated eco- 
systems first appear? Do grass-dominated ecosys- 
tems become established synchronously around the 
world? Is the evidence from paleobotanical, verte- 
brate, and isotopic data concordant? It has become 
clear that the origin and spread of grass-dominated 
ecosystems is synonymous with the evolutionary 
history of the Poaceae itself, and that the paleo- 
botanical, paleofaunal, and isotopic records, indi- 
vidually and in concert, elucidate the major phases 
in that history, even if only in the most general way. 

The major phases in the origin of grass-domi- 
nated ecosystems appear to have been: (1) latest 
Cretaceous or early Tertiary origin of Poaceae; (2) 
the opening of Paleocene and Eocene forested en- 
vironments in the early to middle Tertiary; (3) an 
increase in the abundance of C, grasses during the 
middle Tertiary; (4) the origin of C, grasses in the 
middle Miocene; and (5) the spread of C, grass- 
dominated ecosystems at the expense of C, grasses 
in the late Miocene (Fig. 7). 

Phylogenetic analyses of living grasses based on 
molecular, morphological, and anatomical charac- 
ters are concordant in placing Joinvilleaceae as the 
sister group to Poaceae (Kellogg & Linder, 1995; 
Duvall & Morton, 1996; Kellogg, 1998; Soreng & 
Davis, 1998). Bambusoideae, Pooideae, and Ory- 
zoideae are primitive subfamilies (which may form 
a clade) and must have originated early in the his- 
tory of Poaceae, but their relative positions are un- 
resolved (Renvoize & Clayton, 1992; Duvall & 
Morton, 1996; Kellogg, 1998). The remaining sub- 
families, all of which include C, photosynthesizers, 
resulted from later radiations within the family, 
consistent with their younger fossil record. Reso- 
lution of the early evolution of grasses must even- 
tually be understood through macrofossils. How- 
ever, with the exception of the rare North American 
Eocene and Oligocene specimens, unequivocal ear- 
ly Tertiary grass macrofossils are currently lacking 
(Thomasson, 1987). 

Grasses are predominately wind pollinated and 
able to survive seasonal climates, leading to rea- 
sonable speculation that grasses first evolved in an 
open environment (Stebbins, 1987), near a forest 
margin (Renvoize & Clayton, 1992), or in warm- 
temperate, subtropical, tropical dry, or seasonally 
dry, environments (Crepet & Feldman, 1991; So- 
reng & Davis, 1998). The consistent presence of 
Monoporites annulatus pollen during the early Ter- 
tiary in northern South America (Germeraad, 1968) 
and western Africa (Adegoke et al., 1978; Salard- 


Cheboldaeff, 1979, 1981) indicates that diversifi- 
cation may have taken place in the tropics at that 
time. Romero (1993) hypothesized that South 
American chacoan woodlands, which today have a 
significant grass ground cover, may have originated 
in the Oligocene, based on palynological assem- 
blages. Paleogene paleobotanical records from the 
Northern Hemisphere indicate that grass was not a 
significant ground cover (Leopold & MacGinitie, 
1972; Frederiksen, 1991; Leopold et al., 1992). 

Clear evidence of widespread grass-dominated 
ecosystems does not occur until the early to middle 
Miocene, albeit with the intriguing possibility that 
grasses played a significant role in Paleogene com- 
munities of South America and West Africa. In the 
Northern Hemisphere, grass does not appear dom- 
inant by any criterion until the Miocene, during 
which time all five subfamilies of the Poaceae, and 
both C, and C, photosynthetic pathways, are pres- 
ent in North America, as documented by plant mac- 
rofossils. However, only in the late Miocene does a 
distribution of C, grasslands similar to that of the 
present day become established, as brought to light 
by isotopic analyses. 

Turning to the relevance of the paleofaunal rec- 
ord, mammalian herbivores can be characterized by 
the structure of their teeth, which in turn can be 
correlated with ecological and environmental cri- 
teria related to the diet of the animal. Such rela- 
tionships allow the ecological history of communi- 
ties, as well as taxonomic composition, to be 
evaluated through time. Although some multituber- 
culates occurred in the Mesozoic, the origins of 
most mammalian herbivore diversifications were 
Paleocene and Eocene in age. During that interval, 
forests were widespread. Mammalian herbivores 
were predominately low-crowned folivores and fru- 
givores. Browsers having teeth with distinct ridges 
(lophodont and selenodont) became increasingly 
more common toward the end of the Eocene and 
Oligocene. Grazing mammals elaborated on those 
patterns, especially in the Miocene, by increasing 
crown height. 

Jernvall et al. (1996) evaluated mammalian her- 
bivore molar patterns in the Eocene of North Amer- 
ica and Eurasia relative to molar patterns in the 
Miocene. Their approach was focused on the mor- 
phology of the crown of second molars as distinct 
ecological types independent of phylogeny and 
without regard to taxonomy. Twenty-eight crown 
types were identified in early Tertiary perissodac- 
tyls, artiodactyls, and primitive ungulates, or con- 
dylarths. Of those basic crown types, only eight are 
currently found in extant perissodactyls and artio- 
dactyls. In the Eocene, the basic crown types were 
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possessed by only a few genera each, suggesting 
that in the early Tertiary radiation of herbivorous 
mammals, morphological diversification matched 
taxonomic diversification. Morphological diversity 
in crown types increased from the early to the late 
Eocene, followed by a decline in morphological di- 
versity of basic crown types during the Oligocene 
(see also Janis, 1997). 

On the other hand, Jernvall et al. (1996) found 
that herbivorous ungulates of the Miocene present- 
ed a very different pattern from the herbivores of 
the early Tertiary. Taxonomic diversification of un- 
gulates in the Miocene was at the familial level or 
lower and did not lead to a similar diversity of 
crown types as was the case in the early Tertiary. 
After the Eocene, ungulate dental morphology com- 
prised fewer basic crown types, but in the remain- 
ing types the development of lophs and ridges in- 
creased. Morphological differentiation among 
remaining lophodont crown types became greater, 
even though the total number of crown types was 
less than in the early Tertiary. The recurrent trend 
was to increase lophs in teeth, often accompanied 
by increased crown height, both traits related to the 
processing of tough, fibrous vegetation of relatively 
low nutritive value (Jernvall et al., 1996). Assuming 
a similar availability of resources, the resultant 
morphological disparity within a few basic crown 
types probably reflects greater partitioning of re- 
sources among Miocene ungulates and perhaps oth- 
er taxa, as compared to the adaptive radiation of 
early Tertiary herbivores. The trend toward lopho- 
donty is seen in North America, Europe, and Asia, 
although the basic morphological types on which 
the lophodont patterns are built vary among these 
regions, reflecting the taxon-independent ecological 
significance of the morphological trends. 

Pascual and Ortiz Jaureguizar (1990) also noted 
that early Tertiary taxa are diverse but show fewer 
extremes of morphological differentiation than later 
in the Tertiary when morphologies became more di- 
vergent. In Australia, the Miocene record might 
show a comparable pattern with communities later 
in the Tertiary having fewer higher-level taxa than 
earlier (Archer et al., 1995). On every continent, 
more or less independently from other continents, 
the herbivore fauna was uniquely adapting along 
with global and regional climatic conditions that 
affected vegetation, and hence the food resource, 
which included substantial grass at some time dur- 
ing the middle Tertiary. 

Thus, the trend toward lophodonty became prev- 
alent in the late Eocene, affecting different taxa in 
different regions. In North America, Europe, and 
Asia, primarily perissodactyls and artiodactyls 


among larger mammals became lophodont. In South 
America, it was mainly notoungulates and other en- 
demic ungulate groups. In Australia, marsupials 
eventually become lophodont. In Africa, although 
the record is poor and not representative for most 
of the continent, hyracoids exhibited the trend. In 
fact, we would predict that if the record for the 
Oligocene were to become better known, especially 
from northwestern Africa, diverse lophodont high- 
crowned hyraxes, perhaps elephant shrews, would 
be discovered. The patterns on different continents, 
so far as they can be compared, emphasize the 
global ecological significance of these trends. How- 
ever, the differences in the starting points for each 
continent also help to explain some other profound 
biogeographic differences: such as why equids ex- 
hibit their tremendous evolutionary radiation of 
high-crowned forms primarily in North America, 
which feeds minor radiations in Eurasia through 
dispersal events; or why bovids are prevalent today 
in Africa but never had a comparable diversity in 
North America, an issue of relevance when evalu- 
ating the adaptive patterns and ecological deploy- 
ment of bovids versus equids (see also Janis, 1976). 

The importance of increased lophodonty and 
hypsodonty in interpreting the origin of grass-dom- 
inated ecosystems is that the earliest common oc- 
currence of hypsodonty is taken to reflect the origin 
of widespread grass-dominated ecosystems because 
grazers generally have high-crowned teeth. The ob- 
verse of the adaptation of high-crowned grazers to 
a diet of grass is the protective mechanisms of grass 
that are induced by grazing. Initial experiments 
showed that silica content in Serengeti grass spe- 
cies increased in response to grazing intensity both 
in the field and in laboratory leaf-clipping experi- 
ments and that silica content was highest for grass- 
es from the most intensely grazed areas (McNaugh- 
ton & Tarrants, 1983; McNaughton et al., 1985). 
These data supported the hypothesis that silica pro- 
duction is an inducible defense against herbivory 
(McNaughton & Tarrants, 1983) and provided sup- 
porting data for the coevolution of grasses and graz- 
ers. However, more recent studies, reviewed by Vi- 
cari and Bazely (1993), indicate a more 
complicated relationship. Silica as a defense mech- 
anism in grasses appears most effective against in- 
vertebrate herbivores; its protective role against 
vertebrate herbivores is inconclusive, and whether 
silica production can be induced in individual 
plants is questionable. Nevertheless, the enhanced 
silica content in grasses generally suggests that its 
effects were relevant to grazers on an evolutionary 
time scale. 

The complexity of the relationship among ver- 


628 


Annals of the 
Missouri Botanical Garden 





tebrate and invertebrate herbivores and grasses 
notwithstanding, the North American record with 
its radiation of high-crowned equines and corre- 
sponding record of grass macrofossils and isotope 
studies stands out as unique. Plant macrofossils 
present in North America, but not documented on 
other continents, provide evidence of grass species 
diversity and evolution during the middle to late 
Miocene, concomitant with the well-documented 
contemporary evolutionary radiation of hypsodont 
mammals, particularly horses. 

Although it seems reasonable that grasses may 
have been a dietary component of some early Ter- 
tiary mammals, faunal evidence indicates that large 
expanses of grass-dominated environments only oc- 
curred significantly later than the early Tertiary in 
most areas. However, morphology indicative of 
grazing, and therefore suggestive of a grass-domi- 
nated ecosystem, appears in South America by the 
Eocene-Oligocene boundary, prior to the occur- 
rence of grazing morphology elsewhere. Moreover, 
grazing adaptations persist into the late Oligocene 
along with indications of aridity at the locality of 
Salla, Bolivia. Thereafter, a case can be made for 
grazing ungulates throughout the remainder of the 
Cenozoic in South America. This pattern is ac- 
cepted by us as indicating that the coevolution of 
grazers and grasses, and the establishment of grass- 
dominated ecosystems, occurred prior to the early 
Miocene in South America. 

In the Northern Hemisphere during the Oligo- 
cene, browsing mammals diversify, but there is no 
clear evidence of grazing animals at that time, con- 
sistent with the paleobotanical record, which indi- 
cates a lack of grassy ground cover. Grazing and 
mixed-feeding mammals characterize the Miocene 
in North America. This pattern, in contrast to that 
of South America, is taken to mean that co-evolu- 
tion of grasses and grazers did not occur prior to 
the early Miocene in North America, and by exten- 
sion, that grass-dominated ecosystems developed 
earlier in South America, although the paleobotan- 
ical record there is relatively poor. 

The relevance of geochemical investigations to 
the origin of grass-dominated ecosystems is in iden- 
tifying the isotopic signal of C, grasses, as opposed 
to that of C, plants. Because C, grasses are restrict- 
ed to open terrestrial habitats and do not include 
forest or aquatic species, a C, isotopic signal clear- 
ly indicates broad grass cover and by extension, 
grass-dominated ecosystems. The application of 
isotopic techniques to the study of grassland evo- 
lution, with the consequent definition of the late 
Miocene spread of C, grasses, is a significant ad- 
vance in paleoecological studies. It does not, how- 


ever, signify the initial development of grass-dom- 
inated ecosystems. 

Because most plants use the C, photosynthetic 
pathway and the C, pathway is a supplement to 
basic C, biochemistry, C, photosynthesis is consid- 
ered the primitive state for grasses. Although grass 
is known from the early Tertiary, the earliest carbon 
isotopic records tentatively interpreted as having a 
C, component are approximately 15 Ma (Kingston 
et al., 1994; Latorre et al., 1997). Furthermore, the 
earliest plant macrofossil with Kranz (C,) anatomy 
is dated to about 12.5 Ma (Nambudiri et al., 1978; 
Whistler & Burbank, 1992). This record suggests 
that C, grasses were present during the middle Mio- 
cene spread of grass-dominated ecosystems, even 
though they did not constitute a significant portion 
of grass biomass until later (Cerling et al., 1998). 
It further suggests that the co-evolution of ungu- 
lates and grass-dominated ecosystems, accepting 
that it is a real phenomenon, originally involved C, 
grass. This is not an unreasonable conclusion con- 
sidering that C, grasslands occur today at higher 
altitudes and latitudes, such as the northern Great 
Plains, and that C, grasses are more nutritious than 
C, grasses (Akin & Burdick, 1975; Wilson & Hack- 
er, 1987). 

The timing of the shift from C, to C, grass dom- 
ination in lower latitudes is striking. Between 9 and 
4 Ma, an expansion of C, biomass has been docu- 
mented in North America, South America, East Af- 
rica, and Pakistan, although the transition may 
have taken place in a shorter interval in some re- 
gions (Quade et al., 1989a; Cerling et al., 1997b, 
1998). This major ecological shift signifies a trans- 
formation in species composition that was unde- 
tected before the application of carbon isotope 
studies. 

C, grasses are characteristic of seasonal, arid, 
and warm environments, and they do better than C, 
plants under lower atmospheric CO, conditions (< 
400 ppmv, Ehleringer, 1991). These attributes sug- 
gest either climatic factors, or atmospheric com- 
position, or both, controlled the spread and distri- 
bution of C, grass in the late Miocene. Within the 
scale of this review, it suggests the establishment 
of essentially modern seasonality and rainfall pat- 
terns in the late Miocene. In addition, higher ratios 
of atmospheric CO,/O, during the early to middle 
Miocene may have allowed C, grasses to occupy the 
niche of C, grasses today forming extensive grass- 
dominated ecosystems in tropical regions. 

As C, grasses became more widely distributed 
and abundant, displacing C, vegetation, they be- 
came the primary diet of some ungulates. In North 
America, the dietary shift began in the southern 
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Great Plains around 7 Ma and in the central Plains 
by about 4 Ma (Wang et al., 1994; Cerling et al., 
1998). Concomitant with this dietary change is a 
substantial decline in equid diversity from nine to 
three genera (MacFadden, 1992; Cerling et al., 
1998). One explanation for this species decline is 
a decrease in the woody vegetation and an increase 
in treeless grassland, thus limiting food resources 
needed to support a high diversity of ungulates. 
That explanation retains merit because diversity of 
browsing and mixed-feeding species declines in the 
North American Miocene. However, the isotope 
data emphasize the intriguing possibility that the 
change in grass species composition, from predom- 
inantly C, to predominantly C, species, could have 
been a causal factor in the equid diversity decline 
(Cerling et al., 1998). C, grasses have more di- 
gestible matter than C, grasses due largely to an- 
atomical attributes of C, grasses (especially of the 
cell walls in bundle sheath parenchyma and vas- 
cular tissue; Akin & Burdick, 1975; Akin et al., 
1983; Wilson & Hacker, 1987; Wilson & Hatter- 
sley, 1989). The decline in ungulate diversity at the 
end of the Miocene paralleled the spread of less 
nutritious grass over much of their range. 

On the other hand, decrease in nutritive value of 
C, plants relative to C, plants may be compensated 
by complex interactions between herbivores and 
their environments. The Serengeti, a C, grass-dom- 
inated ecosystem, supports the most diverse and 
dense ungulate fauna on earth today. Although Ser- 
engeti grazers have been shown to be sensitive to 
food quality, differential feeding and migration by 
various ungulate species enables them to coexist in 
this grass-dominated environment (McNaughton et 
al., 1985). Grazing bovids appear to have increased 
with the origin of C, grass-dominated ecosystems 
in Africa. 

The role of grass-dominated ecosystems in hu- 
man evolution has long been debated. The paleo- 
botanical record of Africa derives special signifi- 
cance because the development of grass-dominated 
ecosystems has long been considered to play a cen- 
tral role in the evolution of bipedality, the defining 
character of the human family. A traditional per- 
ception in paleoanthropology, informally referred to 
as the savanna hypothesis, is that as rainforests be- 
came restricted in distribution during the late Mio- 
cene, more seasonal and drier woodland and grass- 
land habitats became more widespread. Many of 
the morphological and behavioral innovations doc- 
umented in the fossil hominid record have been 
interpreted as adaptations to these more open hab- 
itats. Deciphering the timing and biogeographic 
distribution of the earliest grasslands in Africa is 
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therefore critical in assessing whether the devel- 
opment of grass-dominated biomes, or more specif- 
ically C, grass-dominated biomes (Cerling et al., 
1997b), was a driving force in human evolution. 

East African early and middle Miocene localities 
represent a variety of habitats, most of which ap- 
pear to be forested, but one of which (Fort Ternan, 
14 Ma) contains significant grass pollen and mac- 
rofossils. However, throughout most of the East Af- 
rican Miocene there is no clear record of a consis- 
tent grass-dominated ecosystem, but rather a 
spatial and temporal pattern of environmental het- 
erogeneity. The pollen and charred grass cuticle re- 
cord from the Niger delta clearly signifies the pos- 
sibility of a grass-dominated ecosystem in western 
Africa by about 16 Ma, peaking in the late Miocene 
(about 7 Ma). However, vertebrate fossils of the rel- 
evant age, including hominoids, are unknown in 
western Africa. If hominids evolved in the late Mio- 
cene of East Africa, there is as yet no firm evidence 
to link their origins with the earlier development of 
grass-dominated ecosystems. 

Overall, the plant, vertebrate, and isotopic re- 
cords, where they occur together, are concordant 
with respect to the origin of grass-dominated eco- 
systems. However, the records are of varying detail, 
and severely limited by the quality and distribution 
of localities for plants, animals, and isotopes. More- 
over, they are less definitive and less constraining 
than is desirable. Nevertheless, the series of five 
major phases in the origin of grass-dominated eco- 
systems listed at the beginning of this section is 
derived from these records, which reflect not only 
origins but change through time. Perhaps a sixth 
major stage should be added in closing: The de- 
velopment of agricultural grasslands. All that we 
know of the geological history of grass-dominated 
ecosystems instructs us that the processes of eco- 
system evolution are profoundly influenced by 
large-scale changes beyond human control. How- 
ever, the sixth stage in the origin of grass-dominat- 
ed ecosystems, in which we find ourselves now, is 
unique because there are aspects, such as the 
maintenance of floral and faunal diversity, that can 
certainly be influenced by considered management. 

Domesticated grass species include both C,, e.g., 
wheat, and C,, e.g., corn, physiologies naturally 
adapted for life in distinct environmental settings. 
How domesticated and genetically engineered C, 
and C, grasses, or naturally occurring grasses for 
that matter, will be affected by the combined 
changes in temperature, rainfall, and pCO, that 
would likely be a part of a pCO,-caused climate 
change cannot be realistically predicted at this time 
(see discussion in Hattersley & Watson, 1992). But 
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we do know that grass physiology is sensitive to 
these factors, and changes in them can result in a 
rapid change in species distribution, as has been 
demonstrated for climate and grass communities at 
the terminal Pleistocene in North America (Kurtén 
& Anderson, 1980; Fredlund & Tieszen, 1997), and 
has been suggested to explain the patterns in the 
fossil and isotope records for the Tertiary. Thus, an 
increased understanding and deeper consideration 
of both modern and ancient grass-dominated eco- 
systems should help us anticipate species stress in 
response to global climate change, such as that pre- 
dicted from human-induced increases in atmo- 


spheric pCO,. 


Literature Cited 


Adegoke, O. S., R. E. Jan du Chêne, A. E. Agumanu & 
P. O. Ajayi. 1978. Palynology and age of the Kerri-Kerri 
Formation, Nigeria. Revista Esp. Micropaleontol. 10: 
267-282. 

Akin, D. E. & D. Burdick. 1975. Percentage of tissue 
types in tropical and temperate grass leaf blades and 
degradation of tissues by rumen microorganisms. Crop 
Sci. (Madison) 15: 61-116. 

„J. R. Wilson & W. R. Windham. 1983. Site and 
rate of tissue digestion in leaves of C,, C,, and C,/C, 
intermediate Panicum species. Crop Sci. (Madison) 23: 
147-155. 

Ambrose, S. A. & M. J. DeNiro. 1986. Reconstruction of 
African human diet using bone collagen carbon and ni- 
trogen isotope ratios. Nature 319; 321-324. 

& N. E. Sikes. 1991. Soil carbon isotope evidence 
for Holocene habitat change in the Kenya Rift Valley. 
Science 253: 1402-1405. 

Amundson, R. G. & L. J. Lund. 1987. The stable isotope 
chemistry of a native and irrigated Typic Natrargid in 
the San Joaquin Valley of California. Soil Sci. Soc. 
Amer. J. 51: 761-767. 

, O. A. Chadwick, J. M. Sowers & H. E. Doner. 
1989. The stable isotope chemistry of pedogenic car- 
bonates at Kyle Canyon, Nevada. Soil Sci. Soc. Amer. 
J. 53(1): 201-210. 

Andreis, R. R. 1972. Paleosuelos de la Formacién Mus- 
ters (Eoceno Medio), Laguna del Mate, Prov. de Chubut., 
Rep. Argentina. Revista Asoc. Argent. Mineralogia, Pe- 
trología y Sedimentologfa 3: 91-97. 

Andrews, P. & E. M. N. Evans. 1979. The environment of 
Ramapithecus in Africa. Paleobiology 5: 22-30. 

& J. A. H. Van Couvering. 1975. Palaeoenviron- 

ments in the East African Miocene. Pp. 62-103 in F. 

Szalay (editor), Approaches to Primate Paleobiology. 

Contr. Primatology 5, Basel. 

, D. R. Begun & M. Zylstra. 1997. Interrelation- 

ships between functional morphology and paleoenviron- 

ments in Miocene hominoids. Pp. 29-58 in D. R. Begun 
et al. (editors), Function, Phylogeny, and Fossils: Mio- 
cene Hominoid Evolution and Adaptation. Plenum 

Press, New York. 

, C. P. Groves & J. F. M. Horne. 1975. Ecology of 

the lower Tana River flood plain (Kenya). J. E. African 

Nat. Hist. Soc. & Natl. Mus. 151: 1-31. 

, J. M. Lord & E. M. N. Evans. 1979. Patterns of 























ecological diversity in fossil and modern mammalian 

faunas. Biol. J. Linn. Soc. 11: 177-205. 

, G. E. Meyer, D. R. Pilbeam, J. A. Van Couvering 
& J. A. H. Van Couvering. 1981. The Miocene fossil 
beds of Maboko Island, Kenya: Geology, age, taphono- 
my and palaeontology. J. Human Evol. 10: 35—48. 

Archangelsky, S. 1976. Palinología del Paleoceno de Chu- 
but. II. Ameghiniana 13: 43-55. 

Archer, M., S. J. Hand & H. Godthelp. 1994a. River- 
sleigh, 2nd ed., revised. Reed Books, Sidney. 

& . 1994b. Patterns in the history 

of Australia’s mammals and inferences about paleoha- 

bitats. Pp. 80-103 in R. S. Hill (editor), History of the 

Australian Vegetation: Cretaceous to Recent. Cam- 

bridge Univ. Press, Cambridge. 

; & . 1995. Tertiary environmental 
and biotic change in Australia. Pp. 77-90 in E. S. Vrba, 
G. H. Denton, T. C. Partridge & L. H. Burkle (editors), 
Paleoclimate and Evolution with Emphasis on Human 
Origins. Yale Univ. Press, New Haven, Connecticut. 

Awasthi, N. 1982. Tertiary plant megafossils from the 
Himalaya—A review. Palaeobotanist 30: 254-267. 

& M. Prasad. 1990. Siwalik plant fossils from Sur- 
ai Khola area, western Nepal. Palaeobotanist 38: 298- 
318. 

Axelrod, D. 1985. Rise of the grassland biome, Central 
North America. Bot. Rev. 51: 163-201. 

& P. H. Raven. 1978. Late Cretaceous and Ter- 
tiary vegetation history of Africa. Pp. 77-130 in M. J. 
A. Werger (editor), Biogeography and Ecology of South- 
ern Africa. W. Junk, The Hague. 

Banerjee, D. 1968. Siwalik microflora from Punjab (India). 
Rev. Palaeobot. Palynol. 6: 171-176. 

Barnosky, C. W. 1984, Late Miocene vegetational and cli- 
matic variations inferred from a pollen record in north- 
west Wyoming. Science 223: 49-51. 

Barry, J. C. 1995. Faunal turnover and diversity in the 
terrestrial Neogene of Pakistan. Pp. 115-134 in E. S. 
Vrba, G. H. Denton, T. C. Partridge & L. H. Burkle 
(editors), Paleoclimate and Evolution with Emphasis on 
Human Origins. Yale Univ. Press, New Haven, Con- 
necticut. 

& L. J. Flynn. 1989. Key biostratigraphic events 

in the Siwalik sequence. Pp. 557-571 in E. H. Lindsay, 

V. Fahlbusch & P. Mein (editors), European Neogene 

Mammal Chronology. Plenum Press, New York. 

& D. Pilbeam. 1990. Faunal diversity 

and turnover in a Miocene terrestrial sequence. Pp. 

381—421 in R. Ross & W. Allmon, Causes of Evolution: 

A Paleontological Perspective. Univ. Chicago Press, 

Chicago. 

, N. M. Johnson, S. M. Raza & L. L. Jacobs. 1985. 

Neogene mammalian faunal change in southern Asia: 

Correlations with climatic, tectonic, and eustatic events. 

Geology 13: 637—640. 

, E. H. Lindsay & L. L. Jacobs. 1982. A biostrati- 

graphic zonation of the middle and upper Siwaliks of 

the Potwar Plateau of northern Pakistan. Palaeogeogr. 

Palaeoclimatol. Palaeoecol. 37: 95-130. 

, M. E. Morgan, L. J. Flynn, D. Pilbeam, L. L. 

Jacobs, E. H, Lindsay, S. M. Raza & N. Solounias. 

1995. Patterns of faunal turnover and diversity in the 

Neogene Siwaliks of northern Pakistan. Palaeogeogr. 

Palaeoclimatol. Palaeoecol. 114: 209-226. 

, A. Winkler, L. J. Flynn, E. H. Lindsay, 

L. L. Jacobs & D. Pilbeam. 1991. Faunal interchange 





















































Volume 86, Number 2 
1999 


and Miocene terrestrial vertebrates of southern Asia. 
Paleobiology 17: 231-245. 

Baskin, J. A. 1986. The late Miocene radiation of Neo- 
tropical sigmodontine rodents in North America. Contr. 
Geol., Univ. Wyoming, Special Paper 3: 287-303. 

Benda, L. 1971. Grundzuge einer pollenanalytischen 
Gliederung des Turkischen Jungtertiars. Beih. Geol. 
Jahrb. 113: 1-45. 

Bernor, R. L., V. Fahlbusch & H.-W. Mittman (editors). 
1996a. The Evolution of Western Eurasian Neogene 
Mammal Faunas. Columbia Univ. Press, New York. 

7 , P. Andrews, H. de Bruijn, M. Fortelius, 

F. Rögl, F. F. Steininger & L. Werdelin. 1996b. The 

evolution of Western Eurasian Neogene mammal faunas: 

A chronologic, systematic, biogeographic, and paleoen- 

vironmental synthesis. Pp. 449—469 in R. L. Bernor, V. 

Fahlbusch & H.-W. Mittman (editors), The Evolution of 

Western Eurasian Neogene Mammal Faunas. Columbia 

Univ. Press, New York. 

, G. D. Koufos, M. O. Woodburne & M. Fortelius. 

1996c. The evolutionary history and biochronology of 

European and southwest Asian late Miocene and Plio- 

cene hipparionine horses. Pp. 307-338 in R. L. Bernor, 

V. Fahlbusch & H.-W. Mittman (editors), The Evolution 

of Western Eurasian Neogene Mammal Faunas. Colum- 

bia Univ. Press, New York. 

, N. Solounias, C. C. Swisher II & J. A. Van Cou- 
vering. 1996. The correlation of three clasical “Piker- 
mian” mammal faunas—Maragheh, Samos, and Piker- 
mi—with the European MN system. Pp. 137-154 in R. 
L. Bernor, V. Fahlbusch & H.-W. Mittman (editors), The 
Evolution of Western Eurasian Neogene Mammal Fau- 
nas. Columbia Univ. Press, New York. 

Berry, E. W. 1918. Fossil plants from the late Tertiary of 
Oklahoma. Proc. U.S. Natl. Mus. 54: 627—638. 

Bird, M. I., R. E. Summons, M. K. Gagan, Z. Roksandic, 
L. Dowling, J. Head, L. K. Fifield, R. G. Cresswell & 
D. P. Johnson. 1995. Terrestrial vegetation change in- 
ferred from n-alkane 8'%C anlysis in the marine envi- 
ronment. Geochim. Cosmochim. Acta 59: 2853-2857. 

Bonnefille, R. 1984. Cenozoic vegetation and environ- 
ments of early hominids in East Africa. Pp. 579—612 in 
R. O. Whyte (editor), The Evolution of the East Asian 
Environment. Univ. Hong Kong, Hong Kong. 

. 1995. A reassessment of the Plio-Pleistocene pol- 
len record of East Africa. Pp. 299-310 in E. S. Vrba, 
G. H. Denton, T. C. Partridge & L. H. Burckle (editor), 
Paleoclimate and Evolution, with Emphasis on Human 
Origins. Yale Univ. Press, New Haven, Connecticut. 

Boughey, A. S. 1957. The physiognomic delimitation of 
West African vegetation types. J. W. African Sci. Assoc. 
3: 148-163. 

Boulter, M. C. 1988. Tertiary monocotyledons from aquatic 
environments. Tert. Res. 9: 133—146. 

Bourlière, F. 1963. Observations on the ecology of some 
large African mammals. Pp. 43-54 in F. C. Howell & 
F. Bourlière (editors), African Ecology and Human Evo- 
lution. Univ. Chicago Press, Chicago. 

. 1983. Tropical Savannas. Elsevier, Amsterdam. 

& M. Hadley. 1983. Present-day savannas: An 
overview. Pp. 1-17 in F. Bourlière (editor), Tropical Sa- 
vannas. Elsevier, Amsterdam. 

Bown, T. M. & M. J. Kraus. 1988. Geology and paleoen- 
vironment of the Oligocene Jebel Qatrani Formation and 
adjacent rocks, Fayum Depression, Egypt. U.S. Geol. 
Surv. Prof. Pap. 1452. 

, S. L. Wing, J. G. Fleagle, B. H. Tiffney, 





























Jacobs et al. 631 


Grass-dominated Ecosystems 


E. L. Simons & C. F. Vondra. 1982. The Fayum primate 
forest revisited. J. Human Evol. 11: 603—632. 

Bradley, W. H. 1947. Limnology and the Eocene lakes of 
the Rocky Mountain region. Bull. Geol. Soc. Amer. 59: 
635—648. 

Brock, P. W. G. & R. Macdonald. 1969. Geological envi- 
ronment of the Bukwa mammalian fossil locality, east- 
ern Uganda. Nature 223: 593-596. 

Brown, J. C. & D. W. Yalden. 1973. The description of 
mammals. 2. Limbs and locomotion of terrestrial mam- 
mals. Mammal. Rev. 3: 107-134. 

Burnham, R. J. & A. Graham. 1999. The history of Neo- 
tropical vegetation: New developments and status. Ann. 
Missouri Bot. Gard. 86: 546-589. 

Butler, P. M. 1980. Functional aspects of the evolution of 
rodent molars. Palaeovertebrata, Mém. Jubil. R. Lavo- 
cat: 249-262. 

Callen, R. A. & R. H. Tedford. 1976. New late Cainozoic 
rock units and depositional environments, Lake Frome 
area, South Australia. Trans. Roy. Soc. South Australia 
100: 125-167. 

Campbell, C. S. & E. A. Kellogg. 1987. Sister group re- 
lationships of the Poaceae. Pp. 217-224 in T. R. Sod- 
erstrom, K. W. Hilu, C. S. Campbell & M. E. Barkworth 
(editors), Grass Systematics and Evolution. Smithsonian 
Institution Press, Washington, D.C. 

Cande, S. C. & D. V. Kent. 1995. Revised calibration of 
the geomagnetic polarity timescale for the Late Creta- 
ceous and Cenozoic. J. Geophys. Res. 100: 6093-60095. 

Carcasson, R. H. 1964. A preliminary survey of the zoo- 
geography of African butterflies. East African Wildlife 
J. 2: 122-157. 

Carpenter, R. J., R. S. Hill & G. J. Jordan. 1994, Cenozoic 
vegetation in Tasmania: Macrofossil evidence. Pp. 276- 
298 in R. S. Hill (editor), History of the Australian 
Vegetation: Cretaceous to Recent. Cambridge Univ. 
Press, Cambridge. 

Cavagnetto, C. & P. Anadon. 1996. Preliminary palyno- 
logical data on floristic and climatic changes during the 
middle Eocene-early Oligocene of the eastern Ebro Ba- 
sin, northeast Spain. Rev. Palaeobot. Palynol. 92: 281- 
305. 

Cerling, T. E. 1984. The stable isotopic composition of 
modern soil carbonates and its relationship to climate. 
Earth Planet. Sci. Lett. 71: 229-240. 

. 1992. Development of grasslands and savannas 

in East Africa during the Neogene. Palaeogeogr. Pa- 

laeoclimatol. Palaeoecol. (Global and Planetary Change 

Section) 97: 241-247. 

& R. L. Hay. 1986. An isotopic study of paleosol 

carbonates from Olduvai Gorge. Quatern. Res. 25: 63- 

78. 











_ J. M. Harris, S. H. Ambrose, M. G. Leakey & N. 
Solounias. 1997a. Dietary and environmental recon- 
struction with stable isotope analyses of herbivore tooth 
enamel from the Miocene locality of Fort Ternan, Ken- 
ya. J. Human Evol. 33: 635—650. 

& B. J. MacFadden. 1998. Carbon iso- 
topes, diets of North American equids, and the evolu- 
tion of North American C, grasslands. Pp. 363-379 in 
H. Griffiths (editor), Stable Isotopes. BIOS Scientific 
Publ., Oxford. 

















: ; . M. G. Leakey, J. Quade, V. 
Eisenmann & J. R. Ehleringer. 1997b. Global vegeta- 
tion change through the Miocene/Pliocene boundary. 
Nature 389: 153-158. 

, J. Quade, S. H. Ambrose & N. E. Sikes. 1991. 





632 


Annals of the 
Missouri Botanical Garden 





Fossil soils, grasses, and carbon isotopes from Fort Ter- 
nan, Kenya: Grassland or woodland? J. Human Evol. 
21: 295-306. 

, Y. Wang & J. Quade. 1993. Expansion of C, eco- 
systems as an indicator of global ecological change in 
the late Miocene. Nature 361: 344—345. 

Chandler, M. E. J. 1964. The Lower Tertiary Floras of 
Southern England IV. British Museum (Natural History), 
London. 

Chaney, R. W. 1933. A Tertiary flora from Uganda. J. Ge- 
ology 41: 702-709. 

. 1959. Miocene floras of the Columbia Plateau. 

Publ. Carnegie Inst. Wash. 617: 1-134. 

& M. K. Elias. 1936. Late Tertiary floras from the 
High Plains. Publ. Carnegie Inst. Wash. 476: 1—46. 
Chesters, K. I. M. 1957. The Miocene flora of Rusinga 
Island, Lake Victoria, Kenya. Palaeontographica 101B: 

30-71. 

Christophel, D. C. 1981. Tertiary megafossil floras of Aus- 
tralia as indicators of floristic associations and palaeo- 
climate. Pp. 379-406 in A. Keast (editor), Ecological 
Biogeography of Australia. W. Junk, The Hague. 

. 1994. The early Tertiary macrofloras of continen- 

tal Australia. Pp. 262-275 in R. S. Hill (editor), History 

of the Australian Vegetation: Cretaceous to Recent. 

Cambridge Univ. Press, Cambridge. 

. 1995. The impact of climate changes on the de- 
velopment of the Australian flora. Pp. 174—183 in Na- 
tional Research Council Board (editors), Effects of Past 
Global Change on Life. National Academy Press, Wash- 
ington, D.C. 

Cifelli, R. L. 1985. South American ungulate evolution. 
Pp. 249-266 in F. G. Stehli & S. D. Webb (editors), 
The Great American Biotic Interchange. Plenum Press, 
New York. 

, A. K. Ibui, L. L. Jacobs & R. W. Thorington, Jr. 
1986. A giant tree squirrel from the late Miocene of 
Kenya. J. Mammal. 67: 274-283. 

Clements, F. E. & R. W. Chaney. 1937. Environment and 
life in the Great Plains. Publ. Carnegie Inst. Wash., 
Suppl. 24: 1-54. 

Coetzee, J. A. 1978. Late Cainozoic palaeoenvironments 
of southern Africa. Pp. 115-127 in E. M. Van Zinderen 
Bakker (editor), Antarctic Glacial History and World 
Palaeoenvironments. Balkema, Rotterdam. 

Cole, M. M. 1986. The Savannas. Academic Press, Lon- 
don. 

Collinson, M. E. 1992. Vegetational and floristic changes 
around the Eocene/Oligocene boundary in western and 
central Europe. Pp. 437-450 in D. R. Prothero & W. 
A. Berggren (editors), Eocene-Oligocene Climatic and 
Biotic Evolution. Princeton Univ. Press, Princeton, New 
Jersey. 

& J. J. Hooker. 1987. Vegetational and mamma- 

lian faunal changes in the early Tertiary of southern 

England. Pp. 259-304 in E. M. Friis, W. G. Chaloner 

& P. R. Crane (editors), The Origins of Angiosperms 

and Their Biological Consequences. Cambridge Univ. 

Press, Cambridge. 

& . 1991. Fossil evidence of interactions 
between plants and plant-eating mammals. Philos. 
Trans., Ser. B 333: 197-208. 

Coupland, R. T. 1992a. Approach and generalizations. Pp. 
1-6 in R. T. Coupland (editor), Natural Grasslands. El- 
sevier, Amsterdam. 

1992b. Overview of the grasslands of North 
































America. Pp. 147-150 in R. T. Coupland (editor), Nat- 

ural Grasslands. Elsevier, Amsterdam. 

. 1992c. Overview of South American grasslands. 

Pp. 363-366 in R. T. Coupland (editor), Natural Grass- 

lands. Elsevier, Amsterdam. 

. 1992d. Natural Grasslands. Elsevier, Amsterdam. 

Court, N. 1992. A unique form of dental bilophodonty and 
a functional interpretation of peculiarities in the mas- 
ticatory system of Arsinotherium (Mammalia, Embrith- 
opoda). Historical Biol. 6: 91-111. 

. 1993a. An enigmatic new mammal from the Eo- 

cene of North Africa. J. Vertebrate Paleontol. 13: 267- 

209. 














. 1993b. Morphology and functional anatomy of 
the postcranial skeleton in Arsinotherium (Mammalia, 
Embrithopoda). Palaeontographica 226: 125-169. 

Couvering, J. A. Van & J. A. Harris. 1991. Late Eocene 
age of Fayum mammal faunas. J. Human Evol. 21: 241- 
200. 

Couvering, J. A. H. Van & J. A. Van Couvering. 1976. 
Early Miocene mammal fossils from East Africa: As- 
pects of geology, faunistics and paleoecology. Pp. 155- 
207 in G. L. Isaac & E. R. McCown (editors), Human 
Origins: Louis Leakey and the East African evidence. 
W. A. Benjamin, Menlo Park, California. 

Craig, H. 1953. The geochemistry of the stable carbon 
isotopes. Geochim. Cosmochim. Acta 3: 53-92. 

Crepet, W. L. & G. D. Feldman. 1991. The earliest re- 
mains of grasses in the fossil record. Amer. J. Bot. 78: 
1010-1014. 

& P. S. Herendeen. 1992. Papilionoid flowers 
from the early Eocene of southeastern North America. 
Pp. 43-55 in P. S. Herendeen & D. L. Dilcher (editors), 
Advances in Legume Systematics, Part 4, the Fossil 
Record. The Royal Botanic Gardens, Kew. 

Dahms, D. E. & V. T. Holliday. 1998. Soil taxonomy and 
environmental reconstruction: A critical commentary. 
Quatern. Int. 51/52: 109-114. 

& P. W. Birkeland. 1998. Paleosols and 
Devonian forests. Science 279: 151 (website: http:// 
www.sciencemag.org/). 

Dam, J. A. van. 1997. The small mammals from the upper 
Miocene of the Teruel-Alfambra region (Spain): Paleo- 
biology and paleoclimatic reconstructions. Geologica 
Ultraiectina. 15: 1-204. 

Deines, P. 1980. The isotopic composition of reduced or- 
ganic carbon. Pp. 329-406 in P. Fritz & J. C. Fontes 
(editors), Handbook of Environmental Isotope Geo- 
chemistry. V. 1. The Terrestrial Environment, A. Elsev- 
ier, New York. 

DeNiro, M. J. & S. Epstein. 1978. Influence of diet on the 
distribution of carbon isotopes in animals. Geochim. 
Cosmochim. Acta. 42: 341-351. 

Dilcher, D. L. 1973. A paleoclimatic interpretation of the 
Eocene floras of southeastern North America. Pp. 39- 
59 in A. Graham (editor), Vegetation and Vegetational 
History of Northern Latin America. Elsevier Scientific, 
Amsterdam-London-New York. 

Dompierre, H. & C. S. Churcher. 1996, Premaxillary 
shape as an indicator of the diet of seven extinct late 
Cenozoic New World camels. J. Vertebrate Paleontol. 
16(1): 141-148. 

Downing, K. F., E. H. Lindsay, W. R. Downs & S. E. 
Speyer. 1993. Lithostratigraphy and vertebrate biostra- 
tigraphy of the early Miocene Himalayan Foreland, Zin- 
da Pir Dome, Pakistan. Sediment. Geol. 87: 25-37. 

Drake, R. E., J. A. Van Couvering, M. H. Pickford, G. H. 











Volume 86, Number 2 
1999 


Jacobs et al. 633 


Grass-dominated Ecosystems 





Curtis & J. A. Harris. 1988. New chronology for the 
early Miocene mammalian faunas of Kisingiri, western 
Kenya. J. Geol. Soc. London 145: 479-491. 

Dublin, H. T. 1995. Vegetation dynamics in the Serengeti- 
Mara ecosystem: The role of elephants, fire, and other 
factors. Pp. 71-90 in A. R. E. Sinclair & P. Arcese 
(editors), Serengeti I. Univ. Chicago Press, Chicago. 

Ducrocq, S., Y. Chaimanee, V. Suteethorn & J.-J. Jaeger. 
1994. Ages and paleoenvironment of Miocene faunas 
from Thailand. Palaeogeogr. Palaeoclimatol. Palaeoecol. 
108: 149-163. 

Dugas, D. P. & G. J. Retallack. 1993. Middle Miocene 
fossil grasses from Fort Ternan, Kenya. J. Paleontol. 67: 
113-128. 

Duvall, M. R. & B. R. Morton, 1996. Molecular phylo- 
genetics of Poaceae: An expanded analysis of rbcL se- 
quence data. Molec. Phylogeny Evol. 5: 352-358. 

Ehleringer, J. R. 1991. Climate change and the evolution 
of C, photosynthesis. Trends Ecol. Evol. 6: 95-99. 

, T. E. Cerling & B. R. Helliker. 1997. C, photo- 
synthesis, atmospheric CO,, and climate. Oecologia 
112: 285-299. 

Eisenberg, J. F. 1981. The Mammalian Radiations: An 
Analysis of Trends in Evolution, Adaptation, and Be- 
havior. Univ. Chicago Press, Chicago. 

Eisenmann, V. 1995. What metapodial morphometry has 
to say about some Miocene hipparions. Pp. 148-163 in 
E. S. Vrba, G. H. Denton, T. C. Partridge & L. H. Bur- 
kle (editors), Paleoclimate and Evolution with Emphasis 
on Human Origins. Yale Univ. Press, New Haven, Con- 
necticut. 

Elias, M. K. 1932. Grasses and other plants from the Ter- 
tiary rocks of Kansas and Colorado. Bull. Univ. Kansas 
33: 333-367. 

. 1942. Tertiary prairie grasses and other herbs 
from the High Plains. G.S.A. Spec. Pap. 41: 1-176. 
Emry, R. J. & L. S. Russell. 1987. The Chadronian, Or- 
ellan, and Whitneyan North American land mammal 
ages. Pp. 118-152 in M. O. Woodburne (editor), Ce- 
nozoic Mammals of North America. Univ. California 

Press, Berkeley. 

Ericson, J. E., C. H. Sulivan & N. T. Boaz. 1981. Diets 
of Pliocene mammals from Omo, Ethiopia, deduced 
from carbon isotope ratios in tooth apatite. Palaeogeogr. 
Palaeoclimatol. Palaeoecol., 36: 69-73. 

Evans, E. M. N., J. A. H. Van Couvering & P. Andrews. 
1981. Palaeoecology of Miocene sites in western Kenya. 
J. Human Evol. 10: 99-116. 

Faden, R. E. 1974. East African coastal-West African rain 
forest disjunction. Pp. 202-203 in E. M. Lind & M. E. 
S. Morrison (editors), East African Vegetation. Longman 
Group, London. 

Farquhar, G. D., M. H. O’Leary & J. A. Berry. 1982. On 
the relationship between carbon isotope discrimination 
and the intercellular carbon dioxide concentration in 
leaves. Austral. J. Pl. Physiol. 9: 121-137. 

Fasola, A. 1969. Estudio palinológico de la Formación 
Loreto (Terciario Medio), Provincia de Magallanes, 
Chile. Ameghiniana 6: 3—49. 

Feibel, C. S. & F. H. Brown. 1991. Age of the primate- 
bearing deposits on Maboko Island, Kenya. J. Human 
Evol. 21: 221-225. 

Fleagle, J. G., T. M. Bown, J. D. Obradovich & E. L. 
Simons. 1986. Age of the earliest African anthropoids. 
Science 234: 1247-1249. 

, R. F. Kay & M. R. L. Anthony. 1997. Fossil New 

World monkeys. Pp. 473—495 in R. F. Kay, R. H. Mad- 











den, R. L.Cifelli & J. J. Flynn (editors), Vertebrate Pa- 
leontology in the Neotropics: The Miocene Fauna of La 
Venta, Colombia. Smithsonian Institution Press, Wash- 
ington, D.C. 

Flynn, J. J & C. C. Swisher IHI. 1995. Cenozoic South 
American land mammal ages: Correlation to global geo- 
chronologies. Geochronology, Time Scales, and Global 
Stratigraphic Correlation. SEPM Spec. Publ. 54: 318- 
333. 

Flynn, L. J. & I. U. Cheema. 1994. Baluchimyine rodents 
from the Zinda Pir Dome, western Pakistan: Systematics 
and biochronologic implications. Pp. 115-129 in Y. 
Tomida, C. Li & T. Setoguchi (editors), Rodent and 
Lagomorph Families of Asian Origin and Diversifica- 
tion. Nat. Sci. Mus. Tokyo Monogr. 8. 

& L. L. Jacobs. 1982. Effects of changing envi- 

ronments on Siwalik rodent faunas of northern Pakistan. 

Palaeogeogr. Palaeoclimatol. Palaeoecol. 38: 129-138. 

& . In press. Late Miocene small mammal 

dynamics: The crossroads of the Arabian Peninsula. /n 

P. J. Whybrow & A. Hill (editors), Fossil Vertebrates of 

Arabia. Yale Univ. Press, New Haven, Connecticut. 

& M. Sabatier. 1984. A muroid rodent of Asian 

affinity from the Miocene of Kenya. J. Vertebrate Pa- 

leontol. 3(3): 160-165. 

, J. C. Barry, W. Downs, J. A. Harrison, E. H. 

Lindsay, M. E. Morgan & D. Pilbeam. 1997. Only och- 

otonid from the Neogene of the Indian Subcontinent. J. 

Vertebrate Paleontol. 17: 627-628. 

; , M. E. Morgan, D. Pilbeam, L. L. Jacobs 

& E. H. Lindsay. 1995a. Neogene Siwalik mammalian 

lineages: Species longevities, rates of change, and 

modes of speciation. Palaeogeogr. Palaeoclimatol. Pa- 

laeoecol. 114: 249-264. 

, L. L. Jacobs & I. U. Cheema. 1986. Baluchi- 

myinae, a new ctenodactyloid rodent subfamily from the 

Miocene of Baluchistan. Amer. Mus. Novitates 2841: 1— 

58. 


























& S. Sen. 1983. La diversité de Parau- 

lacodus (Thryonomyidae, Rodentia) et des groupes ap- 

parentés pendant le Miocéne. Ann. Paléontologie 69: 

355-3606. 

, D. Pilbeam, L. L. Jacobs, J. C. Barry, A. K. Beh- 

rensmeyer & J. W. Kappelman. 1990. The Siwaliks of 

Pakistan: Time and faunas in a Miocene terrestrial set- 

ting. J. Geol. 98: 589-604. 

, Z. Qiu, N. D. Opdyke & R. H. Tedford. 1995b. 

Ages of key fossil assemblages in the late Neogene ter- 

restrial record of northern China. Geochronology, Time 

Scales, and Global Stratigraphic Correlation. SEPM 

Spec. Publ. 54: 365-373. 

, R. H. Tedford & Z. Qiu. 1991. Enrichment and 
stability in the Pliocene mammalian fauna of North Chi- 
na. Paleobiology 17: 246-265. 

Fortelius, M., P. Andrews, R. L. Bernor, S. Viranta & L. 
Werdelin. 1996a. Preliminary analysis of taxonomic di- 
versity, turnover and provinciality in a subsample of 
large land mammals from the later Miocene of western 
Eurasia. Acta Zool. Cracov. 39(1): 167—178. 

, L. Werdelin, P. Andrews, R. L. Bernor, A. Gentry, 

L. Humphrey, H.-W. Mittman & S. Viranta. 1996b. Pro- 

vinciality, diversity, turnover, and paleoecology in land 

mammal faunas of the later Miocene of western Eurasia. 

Pp. 114—448 in R. L. Bernor, V. Fahlbusch & H.-W. 

Mittman (editors), The Evolution of Western Eurasian 

Neogene Mammal Faunas. Columbia Univ. Press, New 


York. 




















634 


Annals of the 
Missouri Botanical Garden 





Frakes, L. A. & P. Vickers-Rich. 1991. Paleoclimatic set- 
ting and palaeogeographic links of Australia in the 
Phanerozoic. Pp. 111-146 in P. Vickers-Rich, J. M. 
Monaghan, R. F. Baird & T. H. Rich (editors), Verte- 
brate Palaeontology ef Australasia. Pioneer Design Stu- 
dios, Melbourne, Australia. 

France-Lanord, C. & L. A. Derry. 1994., 8"°C of organic 
carbon in the Bengal Fan: Source evolution and trans- 
port of C, and C, plant carbon to marine sediments. 
Geochim. Cosmochim. Acta 58: 4809-4814. 

Frederiksen, N. O. 1981. Middle Eocene to Early Oligo- 
cene plant communities of the Gulf Coast. Pp. 493-550 
in J. Gray, A. J. Boucot & W. B. N. Berry (editors), 
Communities of the Past. Hutchinson Ross, Strouds- 
burg. 





. 1991. Pulses of middle Eocene to earliest Oli- 
gocene climatic deterioration in southern California and 
the Gulf Coast. Palaios 6: 564—571. 

Fredlund, G. & L. L. Tieszen. 1994. Modern phytolith 
assemblages from the North American Great Plains. J. 
Biogeogr. 21: 673-687. 

& . 1997. Phytolith and carbon isotope ev- 
idence for late Quaternary vegetation and climate 
change in the Southern Black Hills, South Dakota. Qua- 
tern. Res. 47: 206-217. 

Friedman, R., J. Gee, L. Tauxe, K. Downing & E. Lindsay. 
1992. The magnetostratigraphy of the Chitarwata and 
lower Vihowa formations of the Dera Ghazi Khan area, 
Pakistan. Sediment. Geol. 81: 253-268. 

Gabel, M. L., D. C. Backlund & J. Haffner. 1998. The 
Miocene macroflora of the northern Ogallala Group, 
northern Nebraska and southern South Dakota. J. Pa- 
leontol. 72: 388-397. 

Galbreath, E. C. 1974. Stipid grass “seeds” from the Ol- 
igocene and Miocene deposits of northeastern Colorado. 
Trans., Illinois State Acad. Sci. 67: 366-368. 

Germeraad, J. H., C. A. Hopping & J. Muller. 1968. Pa- 
lynology of Tertiary sediments from tropical areas. Rev. 
Palaeobot. Palynol. 6: 189-348. 

Gheerbrant, E. 1992. Les mammifères Paléocénes du Bas- 
sin d’Quarzazate (Maroc): |. Introduction générale et Pa- 
laeoryctidae. Palaeontographica 224: 67-132. 

1994, Les mammifères Paléocénes du Bassin 

d’Ouarzazate (Maroc): III. Adapisoriculidae et autres 

mammifères (Carnivora,? Creodonta, Condylarthra,? 

Ungulata et incertae sedis). Palaeontographica 237: 39- 


132. 











1995. Les mammifères Paléocénes du Bassin 
d’Ouarzazate (Maroc): I. Introduction générale et Pa- 
laeoryctidae. Palaeontographica 224: 67-132. 

Ghosh, A. K. 1977. Palynology of the Siwaliks. Pp. 14— 
19 in P. K. K. Nair (editor), Advances in Pollen-Spore 
Research Il. Today & Tomorrow’s Printers & Publishers, 
New Delhi. 

Gingerich, P. D., S. G. Abbas & M. Arif. 1997. Early 
Eocene Quettacyon parachai (Condylarthra) from the 
Ghazij Formation of Baluchistan (Pakistan): Oldest Ce- 
nozoic land mammal from South Asia. J. Vertebrate Pa- 
leontol. 17: 629-637. 

Godthelp, H., M. Archer, R. Cifelli, S. J. Hand & C. F 
Gilkeson. 1992. Earliest known Australian mammal 
fauna. Nature 356: 514—516. 

Gonl, M. A., K. C. Ruttenberg & T. I. Eglinton. 1997. 
Sources and contribution of terrigenous organic carbon 
to surface sediments in the Gulf of Mexico. Nature 389: 
275-278. 


Graham, A. 1987. Miocene communities and paleoenvi- 





ronments of southern Costa Rica. Amer. J. Bot. 74: 

1501-1518. 

. 1990a. Late Tertiary microfossil flora from the 

Republic of Haiti. Amer. J. Bot. 77: 911-926. 

. 1990b. New angiosperm records from the Carib- 

bean Tertiary. Amer. J. Bot. 77: 897-910. 

. 1993. History of the vegetation. Pp. 57-70 in 
Flora of North America Committee (editors), Flora of 
North America, vol. 1. Oxford Univ. Press, New York. 

Greenwood, D. R. 1994. Palaeobotanical evidence for Ter- 
tiary climates. Pp. 44—59 in R. S. Hill (editor), History 
of the Australian Vegetation: Cretaceous to Recent. 
Cambridge Univ. Press, Cambridge. 

Hamilton, A. 1968. Some plant fossils from Bukwa. Ugan- 
da J. 32: 157-164. 

Hammen, T. Van der. 1983. The palaeoecology and pa- 
laeogeography of savannas. Pp. 19-35 in F. Bourliére 
(editor), Tropical Savannas. Ecosystems of the World. 
Elsevier, Amsterdam, 

& T. A. Wymstra. 1964. A palynological study on 
the Tertiary and Upper Cretaceous of British Guiana. 
Leidse Geol. Meded. D1.30: 183-241. 

Hatt, R. T. 1932. The vertebral columns of ricochetal ro- 
dents. Bull. Amer. Mus. Nat. Hist. 63(6); 599-738. 
Hattersley, P. W. & L. Watson. 1992. Diversification of 
photosynthesis. Pp. 38-116 in G. P. Chapman (editor), 
Grass Evolution and Domestication. Cambridge Univ. 

Press, Cambridge. 

Hayek, L.-A. C., R. L. Bernor, N. Solounias & P. Steig- 
erwald. 1992. Preliminary studies of hipparionine horse 
diet as measured by tooth microwear. Ann. Zool. Fen- 
nici 28: 187—200. 

Hendey, Q. B. 1978. Preliminary report on the Miocene 
vertebrates from Arrisdrift, South West Africa. Ann. S. 
African Mus. 76: 1—41. 

. 1982. Langebaanweg: A Record of Past Life. 
South African Museum, Cape Town. 

Hickey, L. J. 1977. Stratigraphy and paleobotany of the 
Golden Valley formation (Early Tertiary) of western 
North Dakota. G.S.A. Memoir 150: 1-183. 

Hill, A. 1995. Faunal and environmental change in the 
Neogene of East Africa: Evidence from the Tugen Hills 
sequence, Baringo District, Kenya. Pp. 178-193 in E. 
S. Vrba, G. H. Denton, T. C. Partridge & L. H. Burkle 
(editors), Paleoclimate and Evolution with Emphasis on 
Human Origins. Yale Univ. Press, New Haven, Con- 
necticut. 

. K. Behrensmeyer, B. Brown, A. Deino, M. Rose, 

J. Saunders, S. Ward & A. Winkler. 1991. Kipsaramon: 

A lower Miocene hominoid site in the Tugen Hills, Bar- 

ingo District, Kenya. J. Human Evol. 20: 67-75. 

» R. Drake, L. Tauxe, M. Monaghans, J. C. Barry, 
A. K. Behrensmeyer, G. Curtis, B. F. Jacobs, L. Jacobs, 
N. Johnson & D. Pilbeam. 1985. Neogene paleontology 
and geochronology of the Baringo Basin, Kenya. J. Hu- 
man Evol. 14: 759-773. 

Hofmann, R. R. 1973. The Ruminant Stomach. East Af- 
rican Monographs in Biology, No. 2. East African Lit- 
erature Bureau, Nairobi. 

& D. R. M. Stewart. 1972. Grazer or browser: A 
classification based on the stomach-structure and feed- 
ing habits of East African ruminants. Mammalia 36: 
226-240. 

Hooghiemstra, H., C. Hoorn, K. F. Helens, V. M. Wijnin- 
ga, E. T. H. Ran, A. M. Cleef, P. Kuhry & T. Van der 
Hammen. 1994. Miocene to Pleistocene Geo-Ecological 
Development of Amazonian and Andean Colombia: Tec- 


























Volume 86, Number 2 
1999 


tonics, Basin Developments, Migration, Evolution and 
Climatic Change, 4th European Palaeobotanical and 
Palynological Conference, The Netherlands. 

Hoorn, C. 1993. Marine incursions and the influence of 
Andean tectonics on the Miocene depositional history 
of northwestern Amazonia: Results of palynostratigraph- 
ic study. Palaeogeogr. Palaeoclimatol. Palaeoecol. 105: 
267-309. 

, J. Guerrero, G. A. Sarmiento & M. A. Lorente. 
1995. Andean tectonics as a cause for changing drain- 
age patterns in Miocene northern South America. Ge- 
ology 23: 237-240. 

Howell, A. B. 1932. The saltatorial rodent Dipodomys: The 
functional and comparative anatomy of its muscular and 
osseous systems. Proc. Amer. Acad. Arts 67(10): 377— 
536. 

Hulbert, R. C., Jr. 1982. Population dynamics of the 
three-toed horse Neohipparion from the late Miocene of 
Florida. Paleobiology 8: 159-167. 

. 1987. A new Cormohipparion (Mammalia, Equi- 

dae) from the Pliocene (latest Hemphillian and Blan- 

can) of Florida. J. Vertebrate Paleontol. 7: 451-468. 

. 1993. Taxonomic evolution in North American 

Neogene horses (subfamily Equinae): The rise and fall 

of an adaptive radiation. Paleobiology 19: 216-234. 

& B. J. MacFadden. 1991. Morphological trans- 
formation and cladogenesis at the base of the adaptive 
radiation of Miocene hypsodont horses. Amer. Mus. 
Novit. 3000: 1—61. 

Hunt, R. M., Jr. & N. Solounias. 1991. Evolution of the 
aeluroid carnivora: Hyaenid affinities of the Miocene 
carnivoran Tungurictis spocki from Inner Mongolia. 
Amer. Mus. Novit. 3030: 1-25. 

Hutchison, J. H. 1992. Western North American reptile 
and amphibian record across the Eocene/Oligocene 
boundary and its climatic implications. Pp. 451—463 in 
D. R. Prothero & W. A. Berggren (editors), Eocene- 
Oligocene Climatic and Biotic Evolution. Princeton 
Univ. Press, Princeton, New Jersey. 

loakim, C. & N. Solounias. 1985. A radiometrically dated 
pollen flora from the upper Miocene of Samos Island, 
Greece. Rev. Micropaléontol. 28: 197-204. 

Jacobs, B. F. & A. L. Deino. 1996. Test of climate-leaf 
physiognomy regression models, their application to two 
Miocene floras from Kenya, and ®Ar/”Ar dating of the 
Late Miocene Kapturo site. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 123: 259-271. 

& C. H. S. Kabuye. 1987. A middle Miocene (12— 

2 my old) forest in the East African Rift Valley, Kenya. 

J. Human Evol. 16: 147-155. 

& . 1989. An extinct species of Pollia 

Thunberg (Commelinaceae) from the Miocene Ngorora 

Formation, Kenya. Rev. Palaeobot. Palynol. 59: 67-76. 

& D. A. Winkler. 1992. Taphonomy of a middle 
Miocene autochthonous forest assemblage, Ngorora For- 
mation, central Kenya. Palaeogeogr. Palaeoclimatol. Pa- 
laeoecol. 99: 31—40. 

Jacobs, L. L. 1977. Rodents of the Hemphillian age Re- 
dington local fauna, San Pedro Valley, Arizona. J. Pa- 
leontol. 51: 505-519. 

. 1985. The beginning of the age of murids in Af- 

rica. Acta Zool. Fenn.170: 149-151. 

& W. R. Downs. 1994. The evolution of murine 

rodents in Asia. Pp. 149-156 in Y. Tomida, C. Li & T. 

Setoguchi (editors), Rodent and Lagomorph Families of 

Asian Origin and Diversification. Nat. Sci. Mus. Tokyo 

Monogr. 8. 
































Jacobs et al. 635 


Grass-dominated Ecosystems 





& E. H. Lindsay. 1984. Holarctic radiation of 
Neogene muroid rodents and the origin of South Amer- 
ican cricetids. J. Vertebrate Paleontol. 4: 265-272. 

, W. Anyonge & J. C. Barry. 1987. A giant tenrecid 
from the Miocene of Kenya. J. Mammal. 68: 10-16. 

, I. U. Cheema & S. M. I. Shah. 1981. Zoogeo- 
graphic implications of early Miocene rodents from the 
Bugti Beds, Baluchistan, Pakistan. Géobios 15: 101- 
103. 











. L. J. Flynn & W. R. Downs. 1989. Neogene ro- 
dents of southern Asia. In: C. C. Black & M. R. Dawson 
(editors), Papers on Fossil Vertebrates in Honor of Al- 
bert Elmer Wood. Nat. Hist. Mus. L. A. City Sci. Ser. 
33: 157-177. 











; ; & J. C. Barry. 1990. Quo vadis, 

Antemus? The Siwalik muroid record. Pp. 573-5860 in 

E. H. Lindsay, V. Fahlbusch & P. Mein (editors), Eu- 

ropean Neogene Mammal Chronology. Plenum Press, 

New York. 

& C. K. Li. 1985. Comments on rodents 
from the Chinese Neogene. Bull. Geol. Inst. Univ. Upp- 
sala, N.S. 11: 59-78. 

Janis, C. M. 1976. The evolutionary strategy of the Eq- 
uidae and the origins of rumen and cecal digestion. 
Evolution 30: 757-774. 

. 1982. Evolution of horns in ungulates: Ecology 

and paleoecology. Biol. Rev. 57: 261-318. 

. 1984. The use of fossil ungulate communities as 

indicators of climate and environment. Pp. 85-104 in 

P. Benchley (editor), Fossils and Climate. John Wiley 

& Sons, London. 

. 1988. An estimation of tooth volume and hyp- 

sodonty indices in ungulate mammals, and the corre- 

lation of these factors with dietary preference. Pp. 367— 

387 in D. E. Russell, J. P. Santoro & D. Sigogneau- 

Russell (editors), Teeth Revisited: Proceedings of the 

Vilth International Symposium on Dental Morphology. 

Mém. Mus. Natl. Hist. Nat., (sér. C) 53. 

. 1990a. Correlation of cranial and dental variables 

with dietary preferences in mammals: A comparison of 

macropodoids and ungulates. Mem. Queensland Mus. 

28: 349-366. 

. 1990b. Correlation of cranial and dental vari- 

ables with body size in ungulates and macropodoids. 

Pp. 255-299 in J. Damuth & B. J. MacFadden (editors), 

Body Size in Mammalian Paleobiology: Estimation and 

Biological Implications. Cambridge Univ. Press, Cam- 

bridge, U.K. 

. 1990c. Why kangaroos (Marsupialia: Macropod- 

idae) are not as hypsodont as ungulates (Eutheria). Aus- 

tral. Mammal. 13: 49-53. 

. 1993. Tertiary mammal evolution in the context 

of changing climates, vegetation, and tectonic events. 

Annual Rev. Ecol. Syst. 24: 467-500. 

. 1995. Correlations between craniodental mor- 

phology and feeding behavior in ungulates: Reciprocal 

illumination between living and fossil taxa. Pp. 76-98 

in J. J. Thomason (editor), Functional Morphology in 

Vertebrate Paleontology. Cambridge Univ. Press, New 

York. 



































. 1997. Ungulate teeth, diets, and climatic changes 
at the Eocene/Oligocene boundary. Zoology 100: 203- 
220. 

& D. Ehrhardt. 1988. Correlation of relative muz- 
zle width and relative incisor width with dietary pref- 
erence in ungulates. Zool. J. Linn. Soc. 92: 267-284. 
& M. Fortelius. 1988. On the means whereby 








Annals of the 
Missouri Botanical Garden 


636 


mammals achieve increased functional durability of 
their dentitions, with special reference to limiting fac- 
tors. Biol. Rev. 63: 197-230. 


—— & K. M. Scott. 1987. The interrelationships of 


higher ruminant families with special emphasis on 
members of the Cervoidea. Amer. Mus. Novit. 2893: 1— 
85. 

, —— & L. L. Jacobs (editors). 1998. Evolution 
of Tertiary Mammals of North America. Cambridge 
Univ. Press, Cambridge. 


Jernvall, J., J. P. Hunter & M. Fortelius. 1996. Molar tooth 


diversity, disparity, and ecology in Cenozoic ungulate 
radiations. Science 274: 1489-1492. 


Johnson, B. J., G. H. Miller, M. L. Fogel & P. B. Beau- 


mont. 1997. The determination of late Quaternary pa- 
leoenvironments at Equus Cave, South Africa, using 
stable isotopes and amino acid racemization in ostrich 
eggshell. Palaeogeogr. Palaeoclimatol. Palaeoecol. 136: 
121-137. 

Kappelman, J. 1991. The paleoenvironment of Kenyapi- 
thecus at Fort Ternan. J. Human Evol. 21; 95-129. 


——, S. Sen, M. Fortelius, A. Duncan, B. Alpagut, J. 


Crabaugh, A. Gentry, J. P. Lunkka, F. McDowell, N. 
Solounias, S. Viranta & L. Werdelin, 1996. Chronology 
and biostratigraphy of the Miocene Sinap Formation of 
central Turkey. Pp. 78-95 in R. L. Bernor, V. Fahlbusch 
& H.-W. Mittman (editors), The Evolution of Western 
Eurasian Neogene Mammal Faunas. Columbia Univ. 
Press, New York. 

Karban, R. & I. T. Baldwin. 1997, Induced Responses to 
Herbivory. Univ. Chicago Press, Chicago. 

Kay, R. F. & R. H. Madden. 1997. Paleogeography and 
paleoecology. Pp. 520-550 in R. F. Kay, R. H. Madden, 
R. L. Cifelli & J. J. Flynn (editors), Vertebrate Pale- 
ontology in the Neotropics: The Miocene Fauna of La 
Venta, Colombia. Smithsonian Institution Press, Wash- 
ington, D.C. 


—, B. J. MacFadden, R. H. Madden, H. Sandeman 


& F. Anaya. 1997. Revised age of the Salla Beds, Bo- 
livia, and its bearing on the age of the Deseadan South 
American land mammal “age.” J. Vertebrate Paleontol. 
18: 189-199. 

——., R. H. Madden, R. L.Cifelli & J. J. Flynn (edi- 
tors). 1997a. Vertebrate Paleontology in the Neotropics: 
The Miocene Fauna of La Venta, Colombia. Smithsonian 
Institution Press, Washington, D.C. 


—, ——, C. V. Schaik & D. Higdon. 1997b. Pri- 


mate species richness is determined by plant produc- 
tivity: Implications for conservation. Proc. Natl. Acad. 
U.S.A. 94: 13023-13027. 

Kedves, M. 1971. Présence de types sporomorphes im- 
portants dans les sédiments pré-quaternaires Égyptiens. 
Acta Bot. Acad. Sci. Hung. 17: 371-378. 

Kellogg, E. A. 1998. Relationships of cereal crops and 
other grasses. Proc. Natl. Acad. U.S.A. 95: 2005-2010. 


—— & H. P. Linder. 1995, Phylogeny of Poales. Pp. 


511-542 in P. J. Rudall, P. J. Cribb, D. F. Cutler & C. 
J. Humphries (editors), Monocotyledons: Systematics 
and Evolution. Royal Botanic Gardens, Kew. 

Kelly, E. F., R. G. Amundson, B. D. Marino & M. J. De 
Niro. 1991. Stable carbon isotopic composition of car- 


bonate in Holocene grassland soils. Soil Sci. Soc. Amer. 
J. 55: 1651-1657. 


—, C. Yonker & B. Marino. 1993. Stable carbon iso- 


tope composition of paleosols: An application to Holo- 
cene. Pp. 233-239 in P. K. Swart, K. C. Lohmann, J. 
McKenzie & S. Savin (editors), Climate Change in Con- 





tinental Isotopic Records, American Geophysical 
Union. Geophysical Monogr., Washington, D.C. 

Kemp, E. M. 1978. Tertiary climatic evolution and vege- 
tation history in the southeast Indian Ocean region. Pa- 
laeogeogr. Palaeoclimatol. Palaeoecol. 24: 169-208. 

Kershaw, A. P., H. A. Martin & J. R. C. McEwen Mason. 
1994. The Neogene: A period of transition. Pp. 299- 
327 in R. S. Hill (editor), History of the Australian 
Vegetation: Cretaceous to Recent. Cambridge Univ. 
Press, Cambridge. 

Kingdon, J. 1974. East African Mammals: An Atlas of 
Evolution in Africa. Volume IIB, Hares and Rodents. 
Academic Press, London. 

Kingston, J. D. 1992. Stable Isotopic Evidence for Hom- 
inid Paleoenvironments in East Africa. Ph.D. Thesis, 
Department of Anthropology, Harvard University. 

. In press. Isotopes and environments of the Bay- 
nunah Formation, Emirate of Abu Dhabi, United Arab 
Emirates. In P. J. Whybrow & A. Hill (editor), Fossil 
Vertebrates of Arabia. Yale Univ. Press, New Haven, 
Connecticut. 

& A. Hill. In press. Late Miocene palaeoenviron- 
ments in Arabia: A synthesis. /n P. J. Whybrow & A. 
Hill (editor), Fossil Vertebrates of Arabia. Yale Univ. 
Press, New Haven, Connecticut. 


——, B. D. Marino & A. Hill. 1994. Isotopic evidence 


for Neogene hominid paleoenvironments in the Kenya 
Rift Valley. Science 264: 955-959. 

Koch, P. L., M. L. Fogel & N. Tuross. 1994. Tracing the 
diets of fossil animals using stable isotopes. Pp. 63-92 
in K. Lajtha & R. H. Michener (editors), Stable Isotopes 
in Ecology and Environmental Science. Blackwell Sci- 
entific, London. 


——. J. Heisinger, C. Moss, R. W. Carlson, M. L. Fogel 


& A. K. Behrensmeyer. 1995. Isotopic tracking of 
change in diet and habitat use in African elephants. 
Science 267: 1340-1343. 

Korth, W. W. 1994. The Tertiary Record of Rodents in 
North America. Plenum Press, New York. 

Kovar-Eder, J., Z. Kvatek, E. Zastawniak, R. Givulescu, 
L. Hably, D. Mihajlovic, J. Teslenko & H. Walther. 
1996. Floristic trends in the vegetation of the Paratethys 
surrounding areas during Neogene time. Pp. 395—413 
in R. L. Bernor, V. Fahlbusch & H.-W. Mittmann (edi- 
tors), The Evolution of Western Eurasian Neogene 
Mammal Faunas. Columbia Univ. Press, New York. 

Kowalevsky, W. 1873. ĽAnchitherium aurelianense Cuv. et 
sur l'histoire paléontologique de chevaux. Mém. Acad. 
Imp. Sci. Saint Pétersbourg, Sér. 7, 20: 1-73. 

Krause, D. W. & M. C. Maas. 1990. The biogeographic 
origins of late Paleocene-early Eocene mammalian im- 
migrants to the western interior of North America. Pp. 
71-105 in T. M. Bown & K. D. Rose (editors), Dawn of 
the Age of Mammals in the Northern Part of the Rocky 
Mountain Interior. G. S. A. Spec. Pap. 243. 


—. G. V. R. Prasad, W. von Koenigswald, A. Sahni 


& F. E. Grine. 1997. Cosmopolitanism among Gond- 
wanan Late Cretaceous mammals. Nature 390: 504— 
507. 

Kurtén, B. & E. Anderson. 1980. Pleistocene Mammals 
of North America. Columbia Univ. Press, New York. 
Lakhanpal, R. N. 1966, Some middle Tertiary plant re- 

mains from South Kivu, Congo. Ann. Mus. Roy. Afrique 
Centr., Sci. Geol. 52: 19-31. 
& U. Prakash. 1970. Cenozoic plants from Congo. 
Ann. Mus. Roy. Afrique Centr. 8: 1-20. 
Latorre, C., J. Quade & W. C. McIntosh. 1997, The ex- 


Volume 86, Number 2 
1999 


pansion of C, grasses and global change in the late 
Miocene: Stable isotope evidence from the Americas. 
Earth Planet. Sci. Lett. 146: 83-96. 

Leakey, L. S. B. 1967. An early Miocene member of Ho- 
minidae. Nature 213: 155-163. 

Leakey, M. G., C. S. Feibel, R. L. Bernor, J. M. Harris, 
T. E. Cerling, K. M. Stewart, G. W. Storrs, A. Walker, 
L. Werdelin & A. J. Winkler. 1996. Lothagam: A record 
of faunal change in the late Miocene of East Africa. J. 
Vertebrate Paleontol. 16: 556-570. 

Lee-Thorp, J. A. & N. J. van der Merwe. 1987. Carbon 
isotope analysis of fossil bone apatite. S. African J. Sci. 
83: 71-74. 

, N. J. van der Merwe & C. K. Brain. 1989. Iso- 
topic evidence for dietary differences between two ex- 
tinct baboon species from Swartkrans. J. Human Evol. 
18: 183-190. 

Legendre, S. 1987. Les communautés de mammifères 
d'Europe occidentale de l'Éocène supérieur et Oligo- 
cène: Structures et milieux. Münchner Geowiss. Abh. 
(A) 10: 301-312. 

Lemoigne, Y. 1978. Flores Tertiaires de la Haute Vallée 
de UOmo (Ethiopie). Palaeontographica 165B: 89-157. 

, J. Beauchamp & E. Samuel. 1974. Étude paléo- 
botanique des depots volcaniques d’age Tertiaire des 
bordures est et ouest du système des rifts Éthiopiens. 
Geobios 7: 267-288. 

Leopold, E. B. & M. F. Denton. 1987. Comparative age of 
grassland and steppe east and west of the northern 
Rocky Mountains. Ann. Missouri Bot. Gard. 74: 841- 
807. 











& H. D. MacGinitie. 1972. Development and af- 
finities of Tertiary floras in the Rocky Mountains. Pp. 
147-200 in A. Graham (editor), Floristics and Paleo- 
floristics of Asia and Eastern North America. Elsevier, 

Amsterdam. 

, G. Liu & S. Clay-Poole. 1992. Low-biomass veg- 
etation in the Oligocene? Pp. 399—420 in D. R. Proth- 
ero & W. A. Berggren (editors), Eocene-Oligocene Cli- 
matic and Biotic Evolution. Princeton Univ. Press, 
Princeton, New Jersey. 

Li, X., X. Sun & D. Walker. 1984. The potential for pa- 
laeobotany in the explanation of China’s plant geogra- 
phy. Pp. 433—447 in R. O. Whyte (editor), The Evolu- 
tion of the East Asian Environment. University of Hong 
Kong, Hong Kong. 

Linder, H. P. 1986. The evolutionary history of the Poales/ 
Restionales—A hypothesis. Kew Bull. 42: 297-318. 
& I. K. Ferguson. 1985. On the pollen morphol- 
ogy and phylogeny of the Restionales and Poales. Grana 

24: 65-76. 

Lindsay, E. H., V. Fahlbusch & P. Mein (editors). 1989. 
European Neogene Mammal Chronology. Plenum Press, 
New York. 

Locker, S. & E. Martini. 1986. Phytoliths from the South- 
west Pacific, Site 591. Pp. 1079-1084 in J. P. Kennett 
& C. C. von der Borch (editors), Initial Repts. DSDP. 
U.S. Gov. Printing Office, Washington, D.C. 

Lyon, M. W., Jr. 1901. A comparison of the osteology of 
the jerboas and jumping mice. Proc. U.S. Nat. Mus. 
23(1228): 659—668. 

MacFadden, B. J. 1992. Fossil Horses: Systematics, Pa- 
leobiology, and Evolution of the Family Equidae. Cam- 
bridge Univ. Press, Cambridge. 

. 1997. Origin and evolution of the grazing guild 

in New World terrestrial mammals. Trends Ecol. Evol. 

12: 182-187. 











Jacobs et al. 637 


Grass-dominated Ecosystems 





. 1998. Tale of two rhinos: Isotopic ecology, paleo- 
dite, and niche differentiation of Aphelops and Teleocer- 
as from the Florida Neogene. Paleobiology 24: 274— 
286. 





& T. E. Cerling. 1994. Fossil horses, carbon iso- 
topes and global change. Trends Ecol. Evol. 9: 481- 
486. 








& . 1996. Mammalian herbivore commu- 
nities, ancient feeding ecology, and carbon isotopes: A 
10 million-year sequence from the Neogene of Florida. 
J. Vertebrate Paleontol. 16: 103-115. 

& R. C. Hulbert, Jr. 1988. Explosive speciation 

at the base of the adaptive radiation of Miocene grazing 

horses. Nature 336: 466—468. 

& B. J. Shockey. 1997. Ancient feeding ecology 

and niche differentiation of Pleistocene mammalian 

herbivores from Tarija, Bolivia: Morphological and iso- 

topic evidence. Paleobiology 23: 77—100. 

, J. D. Bryant & P. A. Mueller. 1991. Sr-isotopic, 

paleomagnetic, and biostratigraphic calibration of horse 

evolution: Evidence from the Miocene of Florida. Ge- 

ology 19: 242-245. 

, K. E. Campbell, Jr., R. L. Cifelli, O. Siles, N. M. 

Johnson, C. W. Naeser & P. K. Zeitler. 1985. Magnetic 

polarity stratigraphy and mammalian fauna of the De- 

seadan (late Oligocene-early Miocene) Salla beds of 

northern Bolivia. J. Geol. 93: 223-250. 

, T. E. Cerling & J. Prado. 1996. Cenozoic terres- 

trial ecosystem evolution in Argentina: Evidence from 

carbon isotopes of fossil mammal teeth. Palaios 11: 

319-327. 

, N. D. Opdyke & N. M. Johnson. 1979. Magnetic 

polarity stratigraphy of the Mio-Pliocene mammal-bear- 

ing Big Sandy Formation of western Arizona. Earth 

Planet. Sci. Lett. 44: 349-364. 

, Y. Wang, T. E. Cerling & F. Anaya. 1994. South 
American fossil mammals and carbon isotopes: A 25 
million-year sequence from the Bolivian Andes. Palaeo- 
geogr. Palaeoclimatol. Palaeoecol. 107: 257-268. 

MacGinitie, H. D. 1953. Fossil plants of Florissant beds, 
Colorado. Publ. Carnegie Inst. Wash. 599: 1-198. 

. 1962. The Kilgore flora. Univ. Calif. Publ. Geol. 
Sci. 35: 67-158. 

MacPhail, M. K. 1996. Neogene environments in Austra- 
lia, 1: Re-evaluation of microfloras associated with im- 
portant Early Pliocene marsupial remains at Grange 
Burn, southwest Victoria. Rev. Palaeobot. Palynol. 92: 
307-328. 

, N. F. Alley, E. M. Truswell & I. R. K. Sluiter. 
1994. Early Tertiary vegetation: Evidence from spores 
and pollen. Pp. 189-261 in R. S. Hill (editor), History 
of the Australian Vegetation: Cretaceous to Recent. 
Cambridge Univ. Press, Cambridge. 

Madden, R. H. 1997. A new toxodontid notoungulate. Pp. 
335-354 in R. F. Kay, R. H. Madden, R. L. Cifelli & 
J. J. Flynn (editors), Vertebrate Paleontology in the Neo- 
tropics: The Miocene Fauna of La Venta, Colombia. 
Smithsonian Institution Press, Washington, D.C. 

, J. Guerrero, R. F. Kay, J. J. Flynn, C. C. Swisher 
II & A. H. Walton. 1997. The Laventan Stage and Age. 
Pp. 499-519 in R. F. Kay, R. H. Madden, R. L. Cifelli 
& J. J. Flynn (editors), Vertebrate Paleontology in the 
Neotropics: The Miocene Fauna of La Venta, Colombia. 
Smithsonian Institution Press, Washington, D.C. 

Manchester, S. R. 1987. Oligocene fossil plants of the 
John Day Formation, Fossil, Oregon. Oregon Geol. 49: 
115-127. 
































638 


Annals of the 
Missouri Botanical Garden 








. 1994. Fruits and seeds of the middle Eocene nut 
beds flora, Clarno Formation, Oregon. Palaeontogr. 
Amer. 58: 1-205. 

Martin, H. A. 1981. The Tertiary flora. Pp. 393—406 in A. 
Keast (editor), Ecological Biogeography of Australia. W. 
Junk, The Hague. 

. 1990a. Tertiary climate and phytogeography in 

southeastern Australia. Rev. Palaeobot. Palynol. 65: 

47-55. 

. 1990b. The palynology of the Namba formation 

in the Wooltana-1 bore, Callabonna Basin (Lake 

Frome), South Australia, and its relevance to Miocene 

grasslands in central Australia. Alcheringa 14: 247- 

255. 











. 1994. Australian Tertiary phytogeography: Evi- 
dence from palynology. Pp. 104—142 in R. S. Hill (ed- 
itor), History of the Australian Vegetation: Cretaceous 
to Recent. Cambridge Univ. Press, Cambridge. 

Mathur, Y. K. 1984. Cenozoic palynofossils, vegetation, 
ecology and climate of the north and northwestern sub- 
himalayan region, India. Pp. 504—551 in R. O. Whyte 
(editor), The Evolution of the East Asian Environment. 
Centre of Asian Studies, Univ. Hong Kong, Hong Kong. 

Matsuda, T., M. Torji, T. Koyaguchi, T. Makinouchi, H. 
Mitsushio, H. Ishida & S. Ishida. 1984. Fission-track, 
K-Ar age determinations and palaeomagnetic measure- 
ments of Miocene volcanic rocks in the western area of 
Baragoi, Northern Kenya: Age of hominoids. African 
Study Monogr. Suppl. Issue 2: 57—66. 

McNab, B. K. 1963. Bioenergetics and the determination 
of home range size. Amer. Naturalist 47(894): 133-140. 

McNaughton, S. J. & J. L. Tarrants. 1983. Grass leaf si- 
licification: Natural selection for an inducible defence 
against herbivores. Proc. Natl. Acad. U.S.A. 80: 790- 
791. 





. R. W. Ruess & S. W. Seagle. 1988. Large mam- 
mals and process dynamics in African ecosystems. 
BioScience 38(11): 794—800. 

. J. L Tarrants, M. McNaughton & R. H. Davis. 
1985. Silica as a defense against herbivory and a growth 
promoter in African grasses. Ecology 66: 528-535. 

Menaut, J.-C. 1983. The vegetation of African savannas. 
Pp. 109-149 in F. Bourlière (editor), Tropical Savannas. 
Elsevier, Amsterdam. 

Menendez, C. A., 1971. Floras Terciarias de la Argentina. 
Ameghiniana 8: 357-371. 

Meng, J. & M. C. McKenna. 1998. Faunal turnovers of 
Palaeogene mammals from the Mongolian Plateau. Na- 
ture 394: 364—367. 

Merwe, N. J. van der & E. Medina. 1989. Photosynthesis 
and “C/"C ratios in Amazonian rain forests. Geochim. 
Cosmochim. Acta 53: 1091-1094. 

& J. C. Vogel. 1978. ®C content of human colla- 
gen as a measure of prehistoric diet in woodland North 
America. Nature 276: 815-816. 

Moreau, R. E. 1966. The Bird Faunas of Africa and its 
Islands. Academic Press, New York. 

Morell, V. 1997. Counting creatures of the Serengeti, great 
and small. Science 278: 2058-2060. 

Morgan, M. E. & N. J. Solounias. 1990. Reconstruction 
of Miocene paleoenvironments in the Siwaliks of north- 
ern Pakistan from tooth microwear analysis of herbi- 
vores. J. Vertebrate Paleontol. 10: 36A. 

. J. D. Kingston & B. D. Marino. 1994. Carbon 

isotopic evidence for the emergence of C, plants in the 

Neogene from Pakistan and Kenya. Nature 367: 162- 

165. 











Morley, R. J. & K. Richards. 1993. Gramineae cuticle: A 
key indicator of Late Cenozoic climatic change in the 
Niger Delta. Rev. Palaeobot. Palynol. 77: 119-127. 

Muller, J. 1981. Fossil pollen records of extant Angio- 
sperms. Bot. Rev. 47: 1-142. 

, E. de Di Giacomo & A. W. van Erve. 1987. A 
palynological zonation for the Cretaceous, Tertiary, and 
Quaternary of northern South America. Contr. Ser. 
Amer. Assoc. Stratigr. Palynologists 19: 7-76. 

Naeser, C. W., E. H. McKee. N. M. Johnson & B. J. 
MacFadden. 1987. Confirmation of a late Oligocene- 
early Miocene age of the Deseadan Salla Beds of Bo- 
livia. J. Geol. 95: 825-828. 

Nambudiri, E. M. V., W. D. Tidwell, B. N. Smith & N. P. 
Hebbert. 1978. A C, plant from the Pliocene. Nature 
276: 816-817. 

Nandi, B. 1972. Some observations on the microflora of 
middle Siwalik sediments of Mohand (Fast) field, Hi- 
machal Pradesh. Pp. 375-383 in Seminar on Paleopa- 
lynology and Indian Stratigraphy. Univ. Calcutta, Cal- 
cutta. 

. 1975. Palynostratigraphy of the Siwalik Group of 
Panjab. Himalayan Geol. 5: 411-424. 

Novacek, M. 1984. Evolutionary stasis in the elephant- 
shrew, Rhynchocyon. Pp. 4—22 in N. Eldredge & S. M. 
Stanley (editors), Living Fossils. Springer-Verlag, New 
York. 

O'Leary, M. H. 1981. Carbon isotope fractionation in 
plants. Phytochemistry 20: 553-567. 

O'Leary, M. O. 1988. Carbon isotopes in photosynthesis. 
BioScience 38: 328-336. 

Osborn, H. F. 1910. The Age of Mammals in Europe, Asia, 
and North America. MacMillan, New York. 

Pantic, N. K. & D. S. Mihajlovic. 1977. Neogene floras of 
the Balkan land areas and their bearing on the study of 
paleoclimatology, paleobiogeography and biostratigra- 
phy, Part 2. Ann. Géol. Péninsule Balkanique (Bel- 
grade) 41: 159-173. 

Park, R. & S. Epstein. 1960. Carbon isotope fractionation 
during photosynthesis. Geochim. Cosmochim. Acta. 21: 
110-126. 

Parmley, D. & J. A. Holman. 1995. Hemphillian (late Mio- 
cene) snakes from Nebraska, with comments on Ari- 
kareean through Blancan snakes of midcontinental 
North America. J. Vertebrate Paleontol. 15(1); 79-95. 

Pascual, R. & E. Ortiz Jaureguizar. 1990. Evolving cli- 
mates and mammal faunas in Cenozoic South America. 
J. Human Evol. 19: 23—60. 

Patterson, B. & R. Pascual. 1972. The fossil mammal fau- 
na of South America. Pp. 247-309 in A. Keast, F. C. 
Erk & B. Glass (editors), Evolution, Mammals, and 
Southern Continents. State Univ., New York Press, Al- 
bany. 

Peisker, M. 1986. Model of carbon metabolism in C, path- 
way-C, pathway intermediate plants as applied to the 
evolution of C, pathway photosynthesis. Pl. Cell Envi- 
ronm. 9: 627-636. 

Pilbeam, D., M. Morgan, J. C. Barry & L. J. Flynn. 1996. 
European MN units and the Siwalik faunal sequence of 
Pakistan. Pp. 96-105 in R. L. Bernor, V. Fahlbusch & 
H.-W. Mittman (editors), The Evolution of Western Eur- 
asian Neogene Mammal Faunas. Columbia Univ. Press, 
New York. 

Pocknall, D. T. 1989. Late Eocene to early Miocene veg- 
etation and climate history of New Zealand. J. Roy. Soc. 
New Zealand 19: 1-18. 


. 1990. Palynological evidence for the early to 











Volume 86, Number 2 
1999 


Jacobs et al. 639 


Grass-dominated Ecosystems 


a aaalllt 


middle Eocene vegetation and climate history of New 
Zealand. Rev. Palaeobot. Palynol. 65: 57-69. 

Pocock, T. N. 1976. Pliocene mammalian microfauna from 
Langebaanweg: A new fossil genus linking the Otomyi- 
nae with the Murinae. S. African J. Sci. 72: 58—60. 

Prakash, U. 1973. Palaeoenvironmental analysis of Indian 
Tertiary floras. Geophytology 2: 178-205. 

Prasad, M. 1993. Siwalik (Middle Miocene) woods from 
the Kalagarh area in the Himalayan foot hills and their 
bearing on palaeoclimate and phytogeography. Rev. Pa- 
laeobot. Palynol. 76: 49-82. 

& N. Awasthi. 1996. Contribution to the Siwalik 
flora from Surai Khola sequence, western Nepal and its 
palaeoecological and phytogeographical implications. 
Palaeobotanist 43: 1—42. 

Pratt, D. J., P. J. Greenway & M. D. Gwynne. 1966. A 
classification of East African rangeland. J. Appl. Ecol. 
3: 369-382. 

Qiu, Z. 1989. The Chinese Neogene mammalian bio- 
chronology—lts correlation with the European Neogene 
mammalian zonation. Pp. 527-556 in E. H. Lindsay, V. 
Fahlbusch & P. Mein (editors), European Neogene 
Mammal Chronology. Plenum Press, New York. 

& Z. Qiu. 1995. Chronological sequence and sub- 
division of Chinese Neogene mammalian faunas. Pa- 
laeogeogr. Palaeoclimatol. Palaeoecol. 116: 41-70. 

Quade, J. & T. E. Cerling. 1995. Expansion of C, grasses 
in the late Miocene of northern Pakistan: Evidence from 
stable isotopes in paleosols. Palaeogeogr. Palaeoclima- 
tol. Palaeoecol. 115: 91-116. 

, J. M. L. Cater, T. P. Ojha, J. Adam & T. M. 

Harrison. 1995a. Late Miocene environmnetal change 

in Nepal and the northern Indian subcontinent: Stable 

isotopic evidence from paleosols. Bull. Geol. Soc. Amer. 

107: 1381-1397. 

, T. E. Cerling & J. R. Bowman. 1989a. Develop- 

ment of Asian monsoon revealed by marked ecological 

shift during the latest Miocene in northern Pakistan. 

Nature 342: 163—166. 

& . 1989b. Systematic variations 

in the carbon and oxygen isotopic composition of ped- 

ogenic carbonate along elevation transects in the south- 

ern Great Basin, United States. G.S.A. Bull. 101: 464— 

475. 





























l , P. Andrews & B. Alpagut. 1995b. Pa- 
leodietary reconstruction of Miocene faunas from Pas- 
alar, Turkey using stable carbon and oxygen isotopes of 
fossil tooth enamel. J. Human Evol. 28: 373-384. 

, J. C. Barry, M. E. Morgan, D. R. Pil- 

hiin, A. R. Chivas; J. A. Lee-Thorp & N. J. van der 

Merwe. 1992. A 16 Ma record of paleodiet using carbon 

and oxygen isotopes in fossil teeth from Pakistan. 

Chem. Geol. 94: 183-192. 

, N. Solounias & T. E. Cerling. 1994. Stable iso- 
topic ‘evidence from paleosol carbonates and fossil teeth 
in Greece for forest or woodlands over the past 11 Ma. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 108: 41-53. 

Rasmussen, T. D., T. M. Bown & E. L. Simons. 1992. The 
Eocene-Oligocene transition in continental Africa. Pp. 
548-566 in D. R. Prothero & W. A. Berggren (editors), 
Eocene-Oligocene Climatic and Biotic Evolution. 
Princeton Univ. Press, Princeton, New Jersey. 

Raza, S. M. & G. E. Meyer. 1984. Early Miocene geology 
and paleontology of the Bugti Hills, Pakistan. Mem. 
Geol. Surv. Pakistan 1982: 43-63. 

, J. C. Barry, G. E. Meyer & L. Martin. 1984. 

Preliminary report on the geology and vertebrate fauna 














of the Miocene Manchar Formation, Sind Pakistan. J. 
Vertebrate Paleontol. 4: 584-599. 

Rensberger, J. M. 1973. An occlusal model for mastication 
and dental wear in herbivorous mammals. J. Paleontol. 
47(3): 515-528. 

. 1975. Function in the tooth evolution of some 

hypsodont geomyoid rodents. J. Paleontol. 49(1): 10- 

22. 








. 1978. Scanning electron microscopy of wear and 
occlusal events in some small herbivores. Pp. 415—438 
in P. M. Butler & K. A. Joysey (editors), Development, 
Function, and Evolution of Teeth. Academic Press, Lon- 
don. 

Renvoize, S. A. & W. D. Clayton. 1992. Classification and 
evolution of the grasses. Pp. 3-37 in G. P. Chapman 
(editor), Grass Evolution and Domestication. Cambridge 
Univ. Press, Cambridge. 

Retallack, G. J. 1992. Paleosols and changes in climate 
and vegetation across the Eocene/Oligocene boundary. 
Pp. 382-398 in D. R. Prothero & W. A. Berggren (ed- 
itors), Eocene-Oligocene Climatic and Biotic Evolution. 
Princeton Univ. Press, Princeton, New Jersey. 

. 1998. Response to paleosols and Devonian for- 

ests. Science 279: 151. 

, D. P. Dugas & E. A. Bestland. 1990, Fossil soils 
and grasses of a middle Miocene East African grass- 
land. Science 247: 1325-1328. 

Rich, P. V. 1973. A mammalian convergence on the avian 
tarsometatarsus. Auk 90(3): 676-677. 

Ripley, E. A. 1992. Grassland climate. Pp. 7-24 in R. T. 
Coupland (editor), Natural Grasslands. Elsevier, Am- 
sterdam. 

Romero, E. J. 1993. South American paleofloras. Pp. 62— 
85 in P. Goldblatt (editor), Biological Relationships Be- 
tween Africa and South America. Yale Univ. Press, New 
Haven, Connecticut. 

Rull, V. 1997. Sequence analysis of western Venezuelan 
Cretaceous to Eocene sediments using palynology: 
Chrono-paleoenvironmental and paleovegetational ap- 
proaches. Palynology 21: 79-90. 

Salard-Cheboldaeff, M. 1979. Palynologie Maestrichtienne 
et Tertiaire du Cameroun. Etude Qualitative et Répar- 
tition Verticale des Principales Espéces. Rev. Palaeo- 
bot. Palynol. 28: 365-388. 

. 1981. Palynologie Maestrichtienne et Tertiaire du 
Cameroun. Résultats Botaniques. Rev. Palaeobot. Pa- 
lynol. 32: 401-439. 

Salisbury, F. B. & C. W. Ross. 1985. Plant Physiology. 
Wadsworth Publishing, Belmont. 

Sdnchez-Villagra, M. R. & R. F. Kay. 1997. A skull of 
Proargyrolagus, the oldest argyrolagid (late Oligocene 
Salla Beds, Bolivia), with brief comments concerning its 
paleobiology. J. Vertebrate Paleontol. 17(4): 717-724. 

Sanson, G. D. 1989. Morphological adaptations of teeth to 
diets and feeding in the Macropodoidea. Pp. 151-168 
in G. Grigg, P. Jarman & I. Hume (editors), Kangaroos, 
Wallabies, and Rat Kangaroos. Surrey Beatty & Sons, 
Sydney. 

. 1991. Predicting the diet of fossil mammals. Pp. 
201-228 in P. Vickers-Rich, J. M. Monaghan, R. F. 
Baird & T. H. Rich (editors), Vertebrate Paleontology of 
Australasia. Pioneer Design Studios, Melbourne, Aus- 
tralia. 

Sarkar, S. 1990. Siwalik pollen succession from Surai 
Khola of western Nepal and its reflection on palaeoe- 
cology. Palaeobotanist 38: 319-324. 

, A. P. Bhattacharya & H. P. Singh. 1994. Paly- 

















640 


Annals of the 
Missouri Botanical Garden 





nology of middle Siwalik sediments (Late Miocene) from 
Bagh Rao, Uttar Pradesh. Palaeobotanist 42: 199-209, 

Sarmiento, G. 1983. The savannas of tropical America. 
Pp. 245-288 in F. Bourliére (editor), Tropical Savannas. 
Elsevier, Amsterdam. 

Savage, R. J. G. 1989. The African dimension in Euro- 
pean early Miocene mammal faunas. Pp. 587-599 in 
E. H. Lindsay, V. Fahlbusch & P. Mein (editors), Eu- 
ropean Neogene Mammal Chronology. Plenum Press, 
New York. 

Sawada, Y., T. Itaya, H. Ishida, K. Kabeto, T. Makinouchi 
& S. Ishida. 1997, The age of Samburu Hominoid. Pre- 
print Annual Meeting Japan Soc. Africanists 45. 

, M. Pickford, T. Itaya, T. Makinouchi, M. Tateishi, 
K. Kabeto, S. Ishida & H. Ishida. 1998. K-Ar ages of 
Miocene Hominoidea (Kenyapithecus and Samburupi- 
thecus) from Samburu Hills, northern Kenya. Compt. 
Rend. Acad. Sci., Sér. 2. Sciences de la Terre et des 
Planètes 326; 6, pp. 445—451. 

Schaller, G. 1967. The Deer and the Tiger. Univ. Chicago 
Press, Chicago. 

Schmidt-Kittler, N. (editor). 1987. International Sympo- 
sium on Mammalian Biostratigraphy and Paleoecology 
of the European Paleogene—Mainz, February 18th- 
2lst 1987. Münchner Geowiss. Abh., Reihe A, Geol. 
Paläontol. 10. 

Scott, L. 1995. Pollen evidence for vegetational and cli- 
matic change in southern Africa during the Neogene 
and Quaternary. Pp. 65-76 in E. S. Vrba, G. H. Denton, 
T. C. Partridge & L. H. Burckle (editor), Paleoclimate 
and Evolution with Emphasis on Human Origins. Yale 
Univ. Press, New Haven, Connecticut. 

Scott, W. B. 1913. A History of the Land Mammals of the 
Western Hemisphere. MacMillan, New York. 

Seldal, T., K.-J. Anderson & G. Hogstedt. 1994. Grazing- 
induced proteinase inhibitors: A possible cause for lem- 
ming population cycles. Oikos 70: 3-11. 

Sen, S. 1997. Magnetostratigraphic calibration of the Eu- 
ropean Neogene mammal chronology. Palaeogeogr. Pa- 
laeoclimatol. Palaeoecol. 133: 181-204. 

Senzota, R. B. M. 1983. A case of rodent-ungulate re- 
source partitioning. J. Mammal. 64(2): 326-329. 

Shantz, H. L. 1954. The place of grasslands in the Earth’s 
cover of vegetation. Ecology 35: 143-145. 

Shipman, P. 1986. Paleoecology of Fort Ternan reconsid- 
ered. J. Human Evol. 15: 193-204. 

, A. Walker, J. A. Van Couvering, P. J. Hooker & 
J. A. Miller. 1981. The Fort Ternan hominoid site, Ken- 
ya: Geology, age, taphonomy, and paleoecology. J. Hu- 
man Evol. 10; 49-72. 

Shockey, B. J. 1997. ‘Two new notoungulates (family No- 
tohippidae) from the Salla beds of Bolivia (Deseadan: 
Late Oligocene): Systematics and functional morpholo- 
gy. J. Vertebrate Paleontol. 17: 584—599, 

Shotwell, J. A. 1958. Evolution and biogeography of the 
aplodontid and mylagaulid rodents. Evolution 12: 451- 


484. 











. 1961. Late Tertiary biogeography of horses in the 
northern Great Basin. J. Paleontol. 35: 203-217. 

Siesser, W. G. 1978. Aridification of the Namib Desert: 
Evidence from oceanic cores. Pp. 105-113 in E. M. Van 
Zinderen Bakker (editor), Antarctic Glacial History and 
World Palaeoenvironments. Balkema, Rotterdam. 

Sigé, B., J.-J. Jaeger, J. Sudre & M. Vianney-Liaud. 1990. 
Altiatlasius koulchii n. gen., n. sp. primate omomyidé 
du Paléocéne supérieur du Maroc, et les origines du 
euprimates. Palaeontographica 214: 31-56. 


Sikes, N. E. 1994, Early hominid habitat preferences in 
East Africa: Paleosol carbon isotopic evidence. J. Hu- 
man Evol. 27: 25-45. 

. 1996. Hominid habitat preferences in lower Bed 
Il: Stable isotope evidence from paleosols. Kaupia 6: 
231-238. 

Simons, E. 1963. Some fallacies in the study of hominid 
phylogeny. Science 141: 879-889. 

Simpson, G. G. 1951, Horses: The Story of the Horse 
Family in the Modern World and Through Sixty Million 
Years of History. Oxford Univ. Press, Oxford. 

. 1953. The Major Features of Evolution. Columbia 

Univ. Press, New York. 

. 1980. Splendid Isolation: The Curious History of 
South American Mammals. Yale Univ. Press, New Ha- 
ven, Connecticut. 

Singh, H. P. & S. Sarkar. 1990. Vegetational dynamics of 
Tertiary Himalaya. Palaeobotanist 38: 333-344. 

Sinha, N. R. & E. A. Kellogg. 1996. Parallelism and di- 
versity in multiple origins of C, photosynthesis in the 
grass family. Amer. J. Bot. 83: 1458-1470. 

Skinner, M. F. & F. W. Johnson. 1984. Tertiary stratigra- 
phy and the Frick collection of fossil vertebrates from 
north-central Nebraska. Bull. Amer. Mus. Nat. Hist. 
178: 217-368. 

Smith, B. N. & W. Epstein. 1971. Two categories of 'C/ 
"C ratios for higher plants. PI. Physiol. 47: 380-384. 
Solounias, N. & L.-A. C. Hayek. 1993. New methods of 
tooth microwear analysis and application to dietary de- 
termination of two extinct antelopes. J. Zool., London 

229: 421-445. 

& S5. M. C. Moelleken. 1992. Tooth microwear 

analysis of Fotragus sansaniensis (Mammalia: Ruminan- 

tia), one of the oldest known bovids. J. Vertebrate Pa- 

leontol. 12(1): 113-121. 

& . 1993a. Tooth microwear and premax- 

illary shape of an archaic antelope. Lethaia 26: 261- 

268. 


























& . 1993b. Dietary adaptation of some ex- 
tinct ruminants determined by premaxillary shape. J. 
Mammal. 74(4): 1059-1071. 

, J. C. Barry, R. L. Bernor, E. H. Lindsay & S. M. 

Raza. 1995a. The oldest bovid from the Siwaliks, Pak- 

istan. J. Vertebrate Paleontol. 15(4): 806-814. 

& B. Dawson-Saunders. 1988. Dietary adapta- 

tions and paleoecology of the late Miocene ruminants 

from Pikermi and Samos in Greece. Palaeogeogr. Paleo- 

climat. Palaeoecol. 65: 149-172. 

. M. Fortelius & P. Freeman. 1994. Molar wear 

rates in ruminants: A new approach. Ann. Zool. Fennici 

31: 219-227. 

, 5. M. C. Moelleken & J. M. Plavcan. 1995b. 

Predicting the diet of extinct bovids using masseteric 

morphology. J. Vertebrate Paleontol. 15(4): 795-805. 

, M. Teaford & A. Walker. 1988. Interpreting the 
diet of extinct ruminants: The case of a non-browsing 
giraffid. Paleobiology 14: 287-300. 

Song, Z., H. Li, Y. Zheng & G. Liu. 1981. Miocene flo- 
ristic regions of China. G. S. A. Spec. Pap. 187: 249- 
254. 

Soreng, R. J. & J. I. Davis. 1998. Phylogenetics and char- 
acter evolution in the grass family (Poaceae): Simulta- 
neous analysis of morphological and chloroplast DNA 
restriction site character sets. Bot. Rev. 64: 1-85. 

Soriano, A., R. J. C. León, O. E. Sala, R. S. Lavado, V. 
A. Deregibus, M. A. Cauhépé, O. A. Scaglia, C. A. 
Velázquez & J. H. Lemcoff. 1992. Rio de la Plata grass- 

















Volume 86, Number 2 
1999 


Jacobs et al. 641 


Grass-dominated Ecosystems 


i aaaaaaaaaaaaaalalalallMlMlMliŘiiIIIaIIaIIIMMMMll 


lands. Pp. 367-407 in R. T. Coupland (editor), Natural 
Grasslands. Elsevier, Amsterdam. 

Sotnikova, M. V., A. E. Dodonov & A. V. Pen’kov. 1997. 
Upper Cenozoic bio-magnetic stratigraphy of Central 
Asian mammalian localities. Palaeogeogr. Palaeoclima- 
tol. Palaeoecol. 133: 243-258. 

Spalletti, L. A. & M. M. Mazzoni. 1979. Estratigrafia de 
la Formación Sarmiento en la Barranca sur del Lago 
Colhue Huapi, Provincia del Chubut. Revista Asoc. 
Geol. Argent. 334: 271-281. 

Stebbins, G. L. 1981. Coevolution of grasses and herbi- 
vores. Ann. Missouri Bot. Gard. 68: 75-86. 

. 1987. Grass systematics and evolution: Past, 
present and future. Pp. 359-367 in T. R. Soderstrom, 
K. W. Hilu, C. S. Campbell & M. E. Barkworth (editors), 
Grass Systematics and Evolution. Smithsonian Institu- 
tion Press, Washington, D.C. 

Steininger, F. F., W. A. Berggren, D. V. Kent, R. L. Bernor, 
S. Sen & J. Agusti. 1996. Circum-Mediterranean Neo- 
gene (Miocene and Pliocene) marine-continental chro- 
nologic correlations of European mammal units. Pp. 7- 
46 in R. L. Bernor, V. Fahlbusch & H.-W. Mittman 
(editors), The Evolution of Western Eurasian Neogene 
Mammal Faunas. Columbia Univ. Press, New York. 

Stern, L. A., G. D. Johnson & C. P. Chamberlain, 1994. 
Carbon isotope signature of environmental change 
found in fossil ratite eggshells from a South Asian Neo- 
gene sequence. Geology 22: 419-422. 

Stucky, R. 1990. Evolution of land mammal diversity in 
North America during the Cenozoic. Curr. Mammal. 2: 
375432. 

Taggart, R. E. & A. T. Cross. 1990. Plant succession and 
interruptions in Miocene volcanic deposits, Pacific 
Northwest. Pp. 57-68 in M. G. Lockley & A. Rice (ed- 
itors), Volcanism and Fossil Biotas. G.S.A. Spec. Pap., 
Boulder. 

Tao, J.-R. 1992. The Tertiary vegetation and flora and flo- 
ristic regions in China. Acta Phytotax. Sin. 30: 25-43. 

Tedford, R. H. & E. Gustafson. 1974. First North Amer- 
ican record of the extinct panda Parailurus. Nature 265: 
621-623. 

, M. F. Skinner, R. W. Fields, J. M. Rensberger, 
D. P. Whistler, T. Galusha, B. E. Taylor, J. R. Macdon- 
ald & S. D. Webb. 1987. Faunal succession and bio- 
chronology of the Arikareean through Hemphillian in- 
terval (Late Oligocene through earliest Pliocene epochs) 
in North America. Pp. 153-210 in M. O. Woodburne 
(editor), Cenozoic Mammals of North America. Univ. 
California Press, Berkeley. 

Thackeray, J. F., N. J. van der Merwe, J. A. Lee-Thorp, 
A. Sillen, J. L. Lanham, R. Smith, A. Keyser & P. M. 
S. Monteiro. 1990. Changes in carbon isotope ratios in 
the late Permian recorded in therapsid tooth apatite. 
Nature 347: 751-753. 

Thomasson, J. R. 1978. Epidermal patterns of the lemma 
in some fossil and living grasses and their phylogenetic 
significance. Science 199: 975-977. 

. 1979. Late Cenozoic grasses and other angio- 

sperms from Kansas, Nebraska, and Colorado: Biostra- 

tigraphy and relationships to living taxa. Kansas Geol. 

Surv. Bull. 218: 1—68. 

1984. Miocene grass (Gramineae, Arundino- 

ideae) leaves showing external micromorphological and 

internal anatomical features. Bot. Gaz. 145: 204—209. 

. 1985. Miocene fossil grasses: Possible adaptation 

in reproductive bracts (lemma and palea). Ann. Missou- 


ri Bot. Gard. 72: 843-851. 




















. 1987. Fossil grasses: 1820-1986 and beyond. 
Pp. 159-167 in T. R. Soderstrom, K. W. Hilu, C. S. 
Campbell & M. E. Barkworth (editors), Grass System- 
atics and Evolution. Smithsonian Institution Press, 

Washington, D.C. 

. 1990. Fossil plants from the late Miocene Ogal- 
lala Formation of central North America: Possible pa- 
leoenvironmental and biostratigraphic significance. Pp. 
99-114 in T. C. Gustavson (editor), Geologic Frame- 
work and Regional Hydrology: Upper Cenozoic Black- 
water Draw and Ogallala Formations, Great Plains. Bu- 
reau of Economic Geology, Austin. 

Thomasson, J. R., M. E. Nelson & R. J. Zakrzewski. 1986. 
A fossil grass (Gramineae: Chloridoideae) from the Mio- 
cene with Kranz anatomy. Science 233: 876-878. 

, R. J. Zakrzewski, H. E. Lagarry & D. E. Mergen. 
1990. A late Miocene (late early Hemphillian) biota 
from northwestern Kansas. Natl. Geogr. Res. 6: 231- 
244. 

Tidwell, W. D. & E. M. V. Nambudiri. 1989. Tomlinsonia 
thomassonii, gen. et sp. nov., a permineralized grass 
from the upper Miocene Ricardo Formation, California. 
Rev. Palaeobot. Palynol. 60: 165-177. 

Tieszen, L. L. 1991. Natural variations in the carbon iso- 
tope values of plants: Implications for archaeology, ecol- 
ogy, and paleoecology. J. Archeol. Sci. 18: 227-248. 

, T. W. Boutton, K. G. Tesdahl & N. A. Slade. 

1983. Fractionation and turnover of stable carbon iso- 

topes in animal tissues: Implications for the C analysis 

of diet. Oecologia (Berlin) 57: 32-37. 

, M. M. Senyimba, S. K. Imbamba & J. H. Trough- 
ton. 1979. The distribution of C, and C, grasses and 
carbon isotope discrimination along an altitudinal and 
moisture gradient in Kenya. Oecologia 37: 337-350. 

Traverse, A. 1982. Response of world vegetation to Neo- 
gene tectonic and climatic events. Alcheringa 6: 197- 
209. 

Truswell, E. M. & W. K. Harris. 1982. The Cainozoic pa- 
laeobotanical record in arid Australia: Fossil evidence 
for the origins of an arid-adapted flora. Pp. 67—76 in 
W. R. Barker & P. J. M. Greenslade (editor), Evolution 
of the Flora and Fauna of Arid Australia. Peacock, 
Frewville. 

Turnbull, W. D. 1991. Protoptychus hatcheri Scott, 1895. 
The Mammalian faunas of the Washakie Formation, Eo- 
cene age, of Southern Wyoming. Part I. The Adobetown 
Member, Middle Division (=Washakie B), Twka/2 (in 
part). Fieldiana, Geol., new ser. 21: 1-33. 

Valen, L. Van. 1960. A functional index of hypsodonty. 
Evolution 14(4): 531-532. 

Valkenburgh, B. Van. 1985. Locomotor diversity within 
past and present guilds of large predatory mammals. 
Paleobiology 11: 406—428. 

& C. M. Janis. 1993. Historical diversity patterns 
in North American large herbivores and carnivores. Pp. 
330-340 in R. E. Ricklefs & D. Schluter (editors), Spe- 
cies Diversity in Ecological Communities: Historical 
and Geographical Perspectives. Univ. Chicago Press, 
Chicago. 

Vaughan, T. A. 1980. Woodrats and picturesque junipers. 
Pp. 387—401 in L. L. Jacobs (editor), Aspects of Ver- 
tebrate History: Essays in Honor of Edwin Harris Col- 
bert. Museum of Northern Arizona Press, Flagstaff. 

Vicari, M. & D. R. Bazely. 1993. Do grasses fight back? 
The case for antiherbivore defences. Trends Ecol. Evol. 
8: 137-141. 

Vickers-Rich, P., J. M. Monaghan, R. F. Baird & T. H. 

















642 


Rich (editors). 1991. Vertebrate Paleontology of Aus- 
tralasia. Pioneer Design Studios, Melbourne, Australia. 

Vogel, J. C. & N. J. van der Merwe. 1977. Isotopic evi- 
dence for early maize cultivation in New York State. 
Amer. Antiquity 42: 238-242. 

Voorhies, M. R. 1990. Vertebrate paleontology of the pro- 
posed Norden Reservoir area, Brown, Cherry, and Keya 
Paha counties, Nebraska. Bureau of Reclamation, Den- 
ver, Technical Report 83-02: 1-138 + A1—A593. 

& J. R. Thomasson. 1979. Fossil grass anthoecia 
within Miocene rhinoceros skeletons: Diet in an extinct 
species. Science 206: 331-333. 

Vrba, E. S. 1995. The fossil record of African Antelopes. 
Pp. 385-424 in E. S. Vrba, G. H. Denton, T. C. Par- 
tridge & L. H. Burkle (editors), Paleoclimate and Evo- 
lution with Emphasis on Human Origins. Yale Univ. 
Press, New Haven, Connecticut. 

Vucetich, M. G. 1984. Los roedores de la Edad Friasense 
(Mioceno medio) de Patagonia. Revista Mus. La Plata 
(Nueva Serie) VIII Paleontol. 50: 47-126. 

. 1986. Historia de los roedores y primates en Ar- 
gentina: Su aporte cococimiento de los cambios am- 
bientales durante el Cenozoico. Actas IV Congr. Argent. 
Paleontol. Bioestratigr. 2: 157—165. 

Wahlert, J. H. 1973. Protoptychus, a hystricomorphous ro- 
dent from the late Eocene of North America. Breviora 
419: 1-14. 

Walker, A. 1968. The lower Miocene fossil site of Bukwa, 
Sebei. Uganda J. 32: 149-156. 

. 1969. Lower Miocene fossils from Mount Elgon, 

Uganda. Nature 223: 591-593. 














mammalian teeth as an indicator of diet. Science 201: 
908-910. 

Wang, B. 1997. The mid-Tertiary Ctenodactylidae (Roden- 
tia, Mammalia) of eastern and central Asia. Bull. Amer. 
Mus. Nat. Hist. 234: 1-88. 

Wang, Y., T. E. Cerling & B. J. MacFadden, 1994. Fossil 
horses and carbon isotopes: New evidence for Cenozoic 
dietary, habitat, and ecosystem changes in North Amer- 
ica. Palaeogeogr. Palaeoclimatol. Palaeoecol. 107: 269- 


279. 








, J. Quade, J. R. Bowman, G. A. Smith 
& E. H. Lindsay. 1993. Stable isotopes and fossil teeth 
as paleoecology and paleoclimate indicators: An ex- 
ample from the St. David Formation, Arizona. Amer. 
Geophys. Union Monogr. 78: 241-248. 

Webb, S. D. 1977. A history of savanna vertebrates in the 
New World. Part l: North America. Annual Rev. Ecol. 
Syst. 8: 355-380. 

. 1978. A history of savanna vertebrates in the 

New World. Part Il: South America and the Great In- 

terchange. Annual Rev. Ecol. Syst. 9: 393-426. 

. 1983a. The rise and fall of the late Miocene un- 

gulate fauna in North America. Pp. 267-306 in M. H. 

Nitecki (editor), Coevolution. Univ. Chicago Press, Chi- 

cago. 











. 1983b. On two kinds of rapid faunal turnover. 
Pp. 417-436 in W. A. Berggren & J. A. Van Couvering 
(editors), Catastrophes and Earth History: The New Uni- 
formitarianism. Princeton Uniy. Press, Princeton, New 
Jersey. 

. 1984. Ten million years of mammal extinctions 
in North America. Pp. 189-210 in P. S. Martin & R. 
G. Klein (editors), Quaternary Extinctions: A Prehistor- 
ic Revolution. Univ. Arizona Press, Tucson, Arizona. 

. 1989, The fourth dimension in North American 








. H. N. Hoeck & L. Perez. 1978. Microwear of 


Annals of the 
Missouri Botanical Garden 


terrestrial mammal communities. Pp. 181-203 in D. W. 
Morris, Z. Abramsky, B. J. Fox & M. R. Willig (editors), 
Patterns in the Structure of Mammalian Communities. 

Special Publications, Museum of Texas Tech University, 

Lubbock, Texas. 

& N. D. Opdyke. 1995. Global climatic influence 
on Cenozoic land mammal faunas. Pp. 184—208 in J. 
Kennett & S. Stanley (editors), Effects of Past Global 
Change on Life. National Academy of Sciences, Studies 
in Geophysics. National Academy Press, Washington, 
D.C. 

Webber, I. E. 1933. Woods from the Ricardo Pliocene of 
Last Chance Gulch, California. Contr. Palaeontol. 412: 
113-134, 5 plates. 

Werdelin, L. & N. Solounias. 1996. The evolutionary his- 
tory of hyaenas in Europe and western Asia during the 
Miocene. Pp. 290-306 in R. L. Bernor, V. Fahlbusch 
& H.-W. Mittman (editors), The Evolution of Western 
Eurasian Neogene Mammal Faunas. Columbia Univ. 
Press, New York. 

West, R. M. & M. R. Dawson. 1978. Vertebrate paleon- 
tology and Cenozoic history of the North Atlantic region. 
Polarforschung 48: 103-119. 

Western, D. 1979. Size, life history and ecology in mam- 
mals. African J. Ecol. 17: 185-204. 

Whistler, D. P. & D. W. Burbank. 1992. Miocene biostra- 
tigraphy and biochronology of the Dove Spring Forma- 
tion, Mojave Desert, California, and characterization of 
the Clarendonian mammal age (late Miocene) in Cali- 
fornia. G.S.A. Bull. 104: 644—658. 

White, F. 1983. The Vegetation of Africa. UNESCO, Paris. 

White, T. E. 1959. The endocrine glands and evolution, 
No. 3: Os cementum, hypsodonty, and diet. Univ. Mich- 
igan Contr. Mus. Paleontol. 13(9): 211-265. 

Whybrow, P. J. & H. A. McClure. 1981. Fossil mangrove 
roots and palaeoenvironments of the Miocene of the 
eastern Arabian peninsula. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 32: 213-225. 

, A. Hill, W. Yasin al-Tikriti & E. A. Hailwood. 
1990. Late Miocene primate fauna, flora and initial pa- 
laeomagnetic data from the Emirate of Abu Dhabi, Unit- 
ed Arab Emirates. J. Human Evol. 19; 583-588. 

Wijninga, V. M. 1996. Paleobotany and palynology of Neo- 
gene sediments from the High Plain of Bogota (Colom- 
bia). V. M. Wijninga, Amsterdam. 

Wilkinson, G. C. & M. C. Boulter. 1980. Oligocene pollen 
and spores from the western part of the British Isles. 
Palaeontographica B 175: 27-83. 

Williamson, T. E. & S. G. Lucas. 1992. Meniscotherium 
(Mammalia, “Condylarthra”) from the Paleocene-Eo- 
cene of western North America. New Mexico Mus. Nat. 
Hist. Sci. 1: 1-75. 

Wilson, J. R. & J. B. Hacker. 1987. Comparative digest- 
ibility and anatomy of some sympatric C, and C, arid 
zone grasses. Austral. J. Agric. Res. 38: 287-295. 

& P. W. Hattersley. 1989. Anatomical character- 
istics and digestibility of leaves of Panicum and other 
grass genera with C, and different types of C, photo- 
synthetic pathway. Austral. J. Agric. Res. 40; 125-136. 

Wing, S. L. 1998. Tertiary vegetation of North America as 
a context for mammalian evolution. Pp. 37-65 in C. M. 
Janis, K. M. Scott & L. L. Jacobs (editors), Evolution 
of Tertiary Mammals of North America. Cambridge 
Univ. Press, Cambridge. 

& B. H. Tiffney. 1987. Interactions of angio- 

sperms and herbivorous tetrapods through time. Pp. 

203-224 in E. M. Friis, W. G. Chaloner & P. R. Crane 














Volume 86, Number 2 
1999 


Jacobs et al. 643 


Grass-dominated Ecosystems 





(editors), The Origins of Angiosperms and Their Bio- 
logical Consequences. Cambridge Univ. Press, Cam- 
bridge. 

, J. Alroy & L. J. Hickey. 1995. Plant and mammal 
diversity in the Paleocene to early Eocene of the Big- 
horn Basin. Palaeogeogr. Palaeoclimatol. Palaeoecol. 
115: 117-155. 

Winkler, A. J. 1992. Systematics and biogeography of 
middle Miocene rodents from the Muruyur Beds, Bar- 
ingo District, Kenya. J. Vertebrate Paleontol. 12: 236- 
249, 








. 1994. The middle/upper Miocene dispersal of 
major rodent groups between southern Asia and Africa. 
Pp. 173-184 in Y. Tomida, C. K. Li & T. Setoguchi (ed- 
itors), Rodent and Lagomorph Families of Asian Origin 
and Diversification. Nat. Sci. Mus. Tokyo Monogr. 8. 

. 1997. A new bathyergid rodent from the middle 

Miocene of Kenya. J. Vertebrate Paleontol. 17(suppl. to 

no. 3): 85A. 

. 1998. A new dendromurine (Rodentia: Muridae) 

from the middle Miocene of western Kenya. In Y. Tom- 

ida, L. J. Flynn & L. L. Jacobs (editors), Advances in 

Vertebrate Paleontology and Geochronology. Nat. Sci. 

Mus. Tokyo Monogr. 14: 91-103. 

& L. L. Jacobs. 1993. The Fossil Mammals of 
Africa. Sixth International Theriological Congress, Syd- 
ney, Australia, July 4-10, 1993: 321. 

Wolfe, J. A. 1977. Paleogene floras from the Gulf of Alas- 
ka region. U.S.G.S. Professional Paper 997: 1-108. 

. 1981. A chronologic framework for Cenozoic me- 

gafossil floras of northwestern North America and its 

relation to marine geochronology. Geol. Soc. Amer. Spe- 

cial Pap. 184: 39-47. 

. 1994. Tertiary climatic changes at middle lati- 

tudes of western North America. Palaeogeogr. Paleocli- 


mat. Palaeoecol. 108: 195-205. 

















Woodburne, M. O. 1996. Precision and resolution in mam- 
malian chronostratigraphy: Principles, practices, ex- 
amples. J. Vertebrate Paleontol. 16(3): 531-555. 

& J. A. Case. 1996. Dispersal, vicariance, and the 

late Cretaceous to early Tertiary land mammal bioge- 

ography from South America to Australia. J. Mammal. 

Evol. 3: 121-161. 

& C. C. Swisher III. 1995. Land mammal high- 

resolution geochronology, intercontinental overland dis- 

persals, sea level, climate, and vicariance. Geochronol- 
ogy, Time Scales, and Global Stratigraphic Correlation. 

SEPM Special Publ. 54: 336-364. 

, R. L. Bernor & C. C. Swisher III. 1996. An ap- 

praisal of the stratigraphic and phylogenetic bases for 

the “Hipparion” Datum in the Old World. Pp. 124—136 

in R. L. Bernor, V. Fahlbusch & H.-W. Mittman (edi- 

tors), The Evolution of Western Eurasian Neogene 

Mammal Faunas. Columbia Univ. Press, New York. 

, B. J. MacFadden, J. A. Case, M. S. Springer, N. 
S. Pledge, J. D. Power, J. M. Woodburne & K. B. 
Springer. 1994. Land mammal biostratigraphy and mag- 
netostratigraphy of the Etadunna Formation (late Oli- 
gocene) of South Australia. J. Vertebrate Paleontol. 13: 
483-515. 

Wright, W., G. D. Sanson & C. McArthur. 1991. The diet 
of the extinct bandicoot Chaeropus ecaudatus. Pp. 229- 
245 in P. Vickers-Rich, J. M. Monaghan, R. F. Baird & 
T. H. Rich (editors), Vertebrate Paleontology of Aus- 
tralasia. Pioneer Design Studios, Melbourne, Australia. 

Wyss, A. R., J. J. Flynn, M. A. Norell, C. C. Swisher III, 
R. Charrier, M. J. Novacek & M. C. McKenna. 1993. 
South America’s earliest rodent and recognition of a new 
interval of mammalian evolution. Nature 365: 434—437. 

Yemane, K., R. Bonnefille & H. Faure. 1985. Palaeocli- 
matic and tectonic implications of Neogene microflora 
from the Northwestern Ethiopian highlands. Nature 
318: 653—656. 














